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ABSTRACT
14The metabolism of uniformly labeled C-tepa by the adult 
tobacco budworm, Heliothis Virescens (F.)» was studied as to dis­
tribution of label within various molecular fractions, rate of 
turnover of the label in the insect, and the possible degradation 
of the labeled compound and its incorporation into certain meta­
bolic pathways. Newly emerged to three day-old adult moths were 
injected with approximately 182,309 dpm of the labeled chemosteri- 
lant (specific acitivity of 7.45 millicuries per millimole) and
the distribution of the label was determined 36 hours later.
14Over 70 per cent of the C label administered to the moths
was excreted within four days. Only 1.25 per cent of the label 1 ^
was expired as CO2  within 44 hours after treatment; indicating 
that extensive oxidation of the tepa molecule did not take place. 
Maximum evolution of labeled carbon dioxide took place 8 hours after 
injection. The 30 per cent of the label which remained in the 
moth’s body after four days appeared to be metabolically stable 
as it remained at that level for up to 9 days after treatment.
About 65 per cent of the injected label remained in the insect 
36 hours after injection and was found to be distributed among the 
chloroform:methanol soluble compounds, 38.6 per cent; acid soluble 
components, 37.8 per cent; nucleic acids, 19 per cent, proteins,
6.6 per cent, and insoluble cuticular materials, 0.8 per cent. The 
observed low levels of label in the protein fraction as compared 
to the nucleic acid fraction indicated the possibility of selective 
alkylation of the nucleic acids by tepa.
A rather detailed examination of the chloroform:methanol 
soluble fraction showed that the majority of the label in this 
fraction was in the form of intact tepa and possibly lesser amounts 
of ethanolamine which had resulted from the degradation of tepa.
No evidence could be found which indicated extensive incorporation 
of label as ethanolamine into the phospholipids of the insect; 
therefore, it was concluded that very little ethanolamine is pro­
duced in vivo as a result of the degradation of tepa.
viii
Experiments carried out with unlabeled tepa showed that it did 
not specifically inhibit the incorporation of uniformly labeled 
■^C-ethanolamine into the phospholipids of tobacco budworm larvae, 
although a decreased rate of metabolism was noted. Trace amounts 
of the label from C-tepa were noted in the neutral lipids of the 
tobacco budworm moth but were attributed to impurities present in 
the initially administered labeled tepa, or to minor amounts of 
oxidation of the label.
14Examination of the free amino acids of C-tepa treated moths 
failed to show extensive labeling of glycine, which might have been 
expected had tepa been degraded extensively to ethanolamine iri vivo. 
Attempts to show conversion of the carbon label from tepa to oxalate 
were negative. It was speculated that oxidative deamination of 
ethanolamine produced from the degradation of tepa could have re­
sulted in the formation of glycolic and glyoxalic acids. It is 
possible that glyoxalic acid could have been converted to oxalic 
acid and excreted as its insoluble calcium salt or transaminated 
to glycine.
A single radioactive metabolite was extracted and separated 
chromatographically from both fecal and tissue extracts of treated 
moths. The metabolite behaved as a purine or purine derivative and 
it was speculated that it could have originated as glycine via the 
aforementioned pathways. Further work is needed to identify this 
unknown metabolite.
Based on the data obtained in this study, the author concluded 
that the primary mode of action of tepa appears to be alkylation 
of cellular components, particularly proteins and nucleic acids.
The data tend to show that the carbons of the aziridine rings of 
tepa are rather inert metabolically and do not enter into metabolic 
pathways associated with ethanolamine, oxalic acid, or glycine to 
any significant degree. The data further show that significant 
amounts of tepa resist degradation and remain intact in the tobacco 
budworm for at least 36 hours after injection.
ix
INTRODUCTION
The successful eradication of the screw-worm fly, Cochliomyia 
hominivorax (Coquerel), first on the island of Curacao and later in the 
Southeastern United States (Baumhover et al. 1955) proved the concept 
of utilizing sterilized insects for their own destruction (Knipling 1960).
A screening program was initiated in 1960 by the U. S. Department 
of Agriculture to discover effective chemical sterilants for insects, 
because the initial use of radiation for the induction of sterility in 
laboratory reared insects for field release was rather expensive. The 
ideal chemosterilant would be one which when released into the environ­
ment would sterilize the pest species in question without seriously 
affecting other components of the ecosystem.
After nine years of research, the aziridines, initially discovered 
by LaBrecque in 1961, remain as the most effective known chemical steri­
lants. The aziridines cause an almost immediate sterility when applied 
to insects, but unfortunately they have deleterious effects which limit 
their usefulness in insect control programs. Aziridines are alkylating 
agents and are known to react with a variety of compounds (Borkovec 
1962). Quite often these compounds impair body functions, and reduce 
competitiveness of the sterilized insects (Davich et al. 1965). There­
fore, the search continues for a more specific chemosterilant having 
fewer adverse effects upon somatic tissues of the insect.
In reviewing the literature, it was found that few studies of the 
metabolism of aziridines have been conducted with insects. However, 
numerous articles have appeared reporting effective sterilizing dosages
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and application techniques for various species. In many cases, serious 
effects upon the somatic tissues were noted which rendered the insects 
useless in sterile release programs. Since knowledge of the in vivo 
reactions of the aziridines is seriously lacking, the present study was 
undertaken with the goal of elucidating some of the aziridine-induced 
reactions.
An attempt has been made to study the biochemical distribution of 
one of the more effective aziridine chemosterilants, tepa (tris-(l-azir- 
idinyl)-phosphine oxide) when injected into tobacco budworm moths, 
Heliothis virescens (F.). Benkwith (1968) has shown that tobacco bud­
worm moths are sterilized when fed tepa at concentrations as low as 
0.005 percent, but that sterile males were not competitive even at a 
ratio of five sterile to one fertile male per female.
14The tepa used in the present study was uniformly labeled with C 
in the aziridine ring, since it is widely accepted that the alkylating 
ability of the molecule resides in the ring structure. Special attention 
was also given to the possible degradation of the aziridine ring into 
two-carbon fragments which might then enter actively into normal 
metabolic pathways.
Analysis of data obtained from this study may result in a better 
understanding of the actual in vivo reactions of aziridines when ad­
ministered to insects. This knowledge will allow, in turn, a fuller 
appreciation of the limitations upon the use of these compounds in 
insect control programs. It is possible that as a more complete under­
standing of the mechanism of aziridine-induced sterility unfolds, one 
may be able to reduce the adverse somatic effects through structural
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changes in the aziridine molecule. Recent research (La Brecque et al. 
1966; Kimbrough and Gaines 1966) has shown that insect sterility can 
be induced by certain dimethylamino analogues of aziridine which have 
only one thousandth the mammalian toxicity of tepa.
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REVIEW OF LITERATURE
A complete review of insect chemosterilant and related literature 
would be a work within itself because hundreds of articles have appeared 
within the last ten years. Several excellent reviews which cover the 
literature in detail have been published recently (Smith 1964, Ascher 
1964, Borkovec 1966, Hayes 1964, and LaBrecque and Smith 1968). The 
book of LaBrecque and Smith (1968) is especially detailed, and reviews 
the literature comprehensively through 1966. Since the present study 
utilizes one of the aziridine chemosterilants, tepa, the literature 
review will be confined primarily to those compounds possessing 
aziridinyl structures.
Chemistry of the aziridines: The aziridines belong to a class of
compounds known as alkylating agents. All alkylating agents, regardless 
of structure, have the common ability to combine with electron rich 
centers (nucleophiles). The net result of such a reaction is that an 
alkyl or substituted alkyl group is added to the nucleophile. The most 
common alkylating agents (alkyl halides, alcohols, olefins, and in some 
cases alkyl sulfates) cannot be used under physiological conditions. 
However, chloroethyl amines, chloroethyl sulfides, aziridinyl deriva­
tives, alkyl sulfates, and alkyl sulfonates have proven to be effective 
in vivo alkylating agents (Borkovec 1962).
In order to understand the mechanisms involved in alkylation 
reactions of aziridines, it is best to start with the simple aziridine 
ring system. Since the nitrogen mustards (chloroethyl amines) cyclize 
into aziridinium intermediates (Bardos et al. 1965), the reactions
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discussed for aziridine apply equally to them.
Aziridine or ethyleneimine is a three-membered, highly strained, 
saturated ring containing a nitrogen heterocycle (structure I). Most 
of the properties of this compound can be understood in terms of its 
structure. Reviews of the chemistry of aziridine have been recently 
published (Bestian 1950, and Acheson 1960).
Aziridine has many of the characteristics of a secondary amine, but 
due to the distortion of most of the ring bond angles, other reactions 
frequently occur. The free electron pair on the nitrogen makes the 
ring basic, but much less so than its open chain analogue dimethylamine 
(Acheson 1960).




+ H+ ^  H2N-CH2- c h 2
'CH.
(I) (II) (III)
H2N - CH2 - +CH2 + X ___^ H2N - CH2 - CH2 - X
(III) (IV) (V)
The actual alkylation reaction of aziridine involves two separate 
steps (Earley et al. 1958, Cohen et al. 1952 a). First a reactive 
carbonium ion (electron deficient carbon) is formed. The second step 
is the reaction of the carbonium ion with some electron donor
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(nucleophile). When the nitrogen of aziridine accepts a proton to 
become tetravalent (structure II), there is a corresponding increase 
in the ring strain. The net result is a ring opening which results in 
the production of a highly reactive carbonium ion (structure III).
Once formed, the carbonium ion reacts with the nearest available 
nucleophile (structure IV) to yield an alkylated product (structure V). 
In the case of aziridine, an ethylamine group is added to the nucleo­
phile rather than a true alkyl group.
The actual alkylation process can take place via one of two 
mechanisms (Turner 1968). It can undergo unimolecular (S^l) or 
bimolecular (S^2) nucleophilic substitution. In the first case, the 
rate of reaction depends only upon the concentration of the carbonium
-f.ion (R ) and is independent of the concentration of the nucleophile 
(X ). Factors which influence the rate of S^l alkylations include the 
ease of carbonium ion formation, reactivity of the leaving group, and 
the ionizing power of the solvent. The S^l reaction might be presented 
as:
rapid slow
R Y ------ =- R+ +. Y_ R+ + x“ ^RX
Reaction rate = k^(RY)
Since biological alkylations take place in an aqueous medium, the uni­
molecular nucleophilic substitution reaction would be undesirable as 
the carbonium ion formed would react primarily with water to form 
harmless products (Cohen et al. 1952 a). In the case of aziridine, 
ethanolamine would be formed.
In biological systems, the bimolecular reaction usually results
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in physiologically significant reactions (Turner 1968). In this case, 
the formation of the carbonium ion (R*") and its reaction with the 
nucleophile (X ) take place at the same time in what is an essentially 
one-step process.
RY + H X ---- ^ (Y6=— R6-— X6~ - H 6+) ^RX + HY
Reaction rate = K^CRYMHX)
The rate of the above reaction depends upon the concentration of both 
the alkylating agent (RY) and the nucleophile (HX). Attachment of 
bulky groups would be difficult because steric hindrance is a major 
factor in such one-step displacements.
Bardos et al. (1965) studied the reactions of the hydrolytic 
cleavage of aromatic nitrogen mustards and concluded that in biologi­
cal systems the S^I hydrolytic process may be the main obstacle to 
nucleophilic attack of a physiologically significant molecule. Active 
compounds should possess a proper balance between the two reaction 
types. The alkylating agent must be stable enough to reach the site 
of action, but still reactive enough to undergo the S^2 reaction in 
the immediate area of the target nucleophile. It was proposed that 
alkylating agents be designed which would generate a reactive transi­
tion state only in the immediate vicinity of the desired target mole­
cule, thereby preventing alkylation of molecules such as water.
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Insect chemosterilants, however, are not simple aziridine rings 
but are often complex derivatives. One must therefore consider the 
effects of substitution of the five hydrogens of aziridine upon its 
reactivity and ease of carbonium ion formation (Borkovec 1962). When 
more than one of the hydrogens is substituted, it becomes very difficult 
to predict the effects upon the reactivity of the molecule. Since the 
two carbons in aziridine are equivalent, only monosubstituted aziridines 
will be considered.
If the substituent is on the nitrogen (all effective insect 
chemosterilants are N-substituted), it will affect the availability of 
the electron pair, the rate of protonation of the nitrogen, and in turn, 
the ring cleavage reaction which gives rise to the reactive carbonium 
ion. If, however, the substituent is on the carbon atom, it will affect 
the electron density of the carbonium ion formed by the ring opening.
The latter effect is of particular importance if the substituent is 
attached to the carbon which becomes electron deficient.
One should recall that once the ring is cleaved, the two carbon 
atoms are no longer equivalent, and therefore, two isomeric carbonium 
ions can be formed. Schultz & Sprauge (1948) have demonstrated that 
l-chloro-2-dimethylaminopropane and 2-chloro-l-dimethylaminopropane 
both yield two identical products upon reaction with diphenylaceto- 
nitrile, thus demonstrating that nitrogen mustards react via a cyclic 
aziridinium intermediate, which does indeed open in two different ways 
to yield isomeric carbonium ions. Aziridine, in the presence of 
hydrochloric acid, will form chloroethylamine, which will cyclize back
9
to aziridine in the presence of base (Acheson 1960). Therefore, it is 
probable that aziridine insect chemosterilants also form isomeric 
carbonium ions.
Bardos et al. (1965) found that nucleophilic substitution on 
either the carbon or nitrogen reduced the reactivity of the compound 
toward nucleophilic substitution, while electrophilic substitution on 
either the carbon or nitrogen produced the opposite results. If one 
assumes that the S^2 allcylation is the one which gives rise to a 
physiologically significant reaction, then it follows that a desirable 
substitution would be one which favors a direct nucleophilic attach 
upon the ring rather than the formation of an ionic intermediate. 
Studies of aziridine insect chemosterilants seem to bear this assump­
tion out (Borkovec 1966), for all of the biologically effective com­
pounds have electron-withdrawing substituents on the nitrogen (e. g. 
phosphine oxide, phosphine sulfide, etc.). Apparently, the resulting 
decrease in basicity of the nitrogen results in a stabilization of the 
ring and protects it from S^l hydrolysis.
Most of the reactions of aziridines are acid catalyzed, but base 
catalyzed ones do occur. Substituted aziridines have been cleaved with 
aqueous ammonia and ethylamine. The reactions were bimolecular and 
proceeded through an attack upon one of the ring carbons by the amine. 
When the ring is unsymmetrically substituted, the attack takes place 
upon the carbon having the most hydrogen, but sometimes the ring will 
open in both ways (Acheson 1960).
Although pure dry aziridine is relatively stable, it polymerizes 
rapidly in traces of water and occasionally explosively in the presence
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of acid. Carbon dioxide is sufficiently acidic to promote polymeri­
zation. Polymerization proceeds via alternating attacks on the nitro­
gen of one ring by a linear carbonium ion from another (Early et al. 
1958). The resulting highly cross-linked polymer which results from 
such reactions of insect aziridine chemosterilants has very little 
sterilizing activity (Ristich et al. 1965).
The more common acid-catalyzed ring openings give mixed products 
much more frequently than do base catalyzed ones. The ring opening 
reactions of the cis and trans isomers of 2, 3-diphenylaziridine have 
been investigated and it was concluded that the cyclic cations (pro- 
tonated aziridines) were in equilibrium with the linear carbonium ions 
(Acheson 1960). In most cases, the linear carbonium ion was the one 
which reacted with the nucleophile anion. However, in some cases 
reaction products were obtained which indicated that the anion had 
combined with the cyclic aziridinium ion (Fanta, 1957).
The aziridinium ion can react with a variety of compounds to form 
their corresponding esters. Some of the anions found to react were: 
hydroxyl, chloride, propionate, benzoate, and bicarbonate. The reaction 
of aziridine with thiosulfate was found to be especially rapid (Cohen 
et al. 1952 b). Sulfhydryl groups appear to be especially reactive with 
aziridine as hydrogen sulfide reacts to yield 2, 2-diaminoethylsulfide. 
The sulfhydryl group of the essential amino acid methionine reacts with 
aziridine (Acheson 1960). Goldenthal et al. (1959) found that all 
three aziridinyl groups of the chemosterilant tretamine react with 
cysteine in a similar manner.
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Aziridine also reacts with aqueous sulfur dioxide to give taurine. 
Carbon disulfide reacts vigorously with aziridine to yield 2-thia- 
thiazolidone (Clapp & Watjen 1953) and in the presence of hydrogen 
sulfides, thiazolidines may sometimes be obtained (Bestian 1950). The 
active hydrogen of phenol and thiophenol also react with aziridine. 
Acetaldehyde, benzaldehyde, acetone, and some other aldehydes and 
ketones react to give oxazolidines (Acheson 1960).
Benckhuijsen (1968) reported that thiotepa (an aziridine insect 
chemosterilant) may undergo an intramolecular alkylation which results 
in the formation of a thiazoline derivative. The two intact aziridine 
rings of the SH derivative formed upon hydrolysis of the thiazoline 
derivative were found to be more reactive toward water and sulfhydryl 
than were those of the parent compound. The authors speculated that 
tepa might undergo a similar reaction in vivo to yield an oxazoline 
derivative. The significance of these reactions under physiological 
conditions could be of some importance in the chemotherapeutic action 
of thiotepa and tepa.
Tepa is very hygroscopic and unstable in acidic aqueous solutions 
(as are all the aziridine insect chemosterilants) and was found to 
undergo violent decomposition when heated above 130°C (Craig and 
Jackson 1955). Mellet and Woods (1960) and Beroza and Borkovec (1964) 
have demonstrated the extreme sensitivity of tepa to acid. Increased 
temperature increased the rate of decomposition, but the resulting 
increase in pH due to the liberated amino groups tended to slow the 
reaction. Based on nuclear magnetic resonance studies in deuterated 



































It should be pointed out, however; these reactions took place in an 
aqueous medium, and the only nucleophile available for reaction was 
water. One would suppose that many other nucleophiles are available 
for reactions in physiological systems.
Tepa can be purified by passage through silicic acid columns 
(Beroza and Borkovec 1964) or by recrystallization from cyclohexane 
(Chang and Borkovec 1964). Since aziridine, a degradation product of 
tepa, shows no sterilant activity, the sterilizing activity of solutions 
of tepa can be assessed only when the purity of the material is estab­
lished, and the sterilizing activity of all the aziridine-containing 
compounds known (Borkovec et al. 1964).
Several colorimetric methods for the determination of tepa and 
aziridines have been developed based upon the reaction of 4-(p- 
nitrobenzyl) pyridine (Epstein et al. 1955, Truhaut et al. 1963).
Bender et al. (1965) reported another colorimetric method for alkyl­
ating agents based on the reaction of 4-picolinium with carbonium ions.
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Bowman and Beroza (1966) developed a very sensitive gas chromatographic 
method for determining chemosterilants in crude insect extracts. A 
sensitive photofluorimetric method specific for intact tepa was 
developed by Mellet and Woods (1960).
Biochemistry of the aziridine ehemosterilants: Six compounds were
chosen for review. Four of these are phosphine oxide or sulfide 
derivatives, while the other two are derivatives of triazaphosphorine 
and triazlne. It is conceivable that the non-aziridinyl carrier 
portion of the molecule is critical and just as important as its final 
reaction rate. Differences in solubility and ease of transport to the 
site of action may exist between the phosphine oxide and sulfide group 
of chemosterilants and those containing more complex carriers such as 
apholate and tretamine. However, it is probable that the final 
reactions of the aziridine ring are essentially the same regardless of 
the carrier moiety.
Much of the research on the metabolism of aziridines has been 
carried out on vertebrates, but if the hypothesis that no major 
differences exist between vertebrates and insects at the cellular 
level is accepted, one can then compare data obtained from either group.











Tepa has proven quite popular in mode of action studies because
of its simple structure. Most of the studies of its distribution and
32metabolism have utilized a P label. However, since the phosphorous
can be readily converted to inorganic phosphate in both mammals (Smith
et al. 1958) and insects (Plapp et al. 1962), the conclusions drawn from
such studies must be interpreted with caution. Similar objections may
14be raised for experimental designs utilizing C labels, since ethylen- 
imine is not effective as a chemosterilant (at least when administered 
as such). Once tepa is degraded in vivo, one is not longer able to dif­
ferentiate the intact molecule from its degradation products. However, 
since it is accepted that the aziridine ring is the actual alkylating 
moiety, data obtained from a carbon label in this position are certainly 
of more value than those obtained from a phosphorous label.
Farber et al. (1953) reported that tepa was a relatively effective 
anticancer drug, but it was soon replaced by its more effective analog 
thiotepa. Considerable interest was shown in the aziridines as anti­
cancer drugs and much research was carried out in the early 1950’s 
along these lines. Also, the ability of aziridines to cross-link 
polymers (Drake and Guthrie 1959) has resulted in their industrial 
application on a large scale.
Craig and Jackson (1955) were the first to study distribution of
32P-labeled tepa in the rat and found that 80 percent was excreted in 
the urine within 24 hours. Most of the excreted materials was intact 
tepa, while that remaining in the body was rather evenly distributed 
among trichloroacetic acid soluble materials (32 percent), lipid soluble 
materials (23 percent), nucleic acids (25 percent), and proteins
15
(20 percent).
Nadkarni et al. (1957) found that the mouse, in contrast to the 
rat, degraded the phosphorous label of tepa to inorganic phosphate and 
exereted it in the urine. Smith et al. (1958) stated that the findings 
of Craig and Jackson (1955) must have been in error, for they found it 
hard to believe that a reactive molecule such as tepa could be excreted 
intact. A further study by Craig et al. (1959) resolved the issue. It 
was found that thiotepa, which may be rapidly converted to tepa in vivo, 
was metabolized differently in the rat, dog, and rabbit. Therefore, the 
rate of degradation and excretion of aziridine chemosterilants varies 
according to the species. Mellet and Woods (1960) further substantiated 
these findings in a study of the distribution of tepa and thiotepa in 
the dog. Their findings were similar to those reported earlier by 
Craig and Jackson (1955) for tepa in the rat, and thiotepa in the dog 
(Craig et al. 1959).
While studying the metabolism of tepa in human cancer patients
(tepa was initially used as an anticancer drug), Nadkarni et al. (1959)
postulated that the phosphine oxide carrier portion of the molecule was
rapidly detached from the aziridine rings. They later showed that about
3225 to 30 per cent of the P label was excreted in the urine within 48 
hours after injection (Nadkarni et al. 1961).
Mellet and Woods (1960), utilizing an assay specific for intact 
tepa, found that tepa disappeared from blood plasma of the dog within 
30 minutes after intravenous injection. From 24 to 32 per cent of the 
administered dose was recovered as intact tepa in the urine within five 
hours.
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Male house flies Musca domestica L., defecated over one half of 
14the C of labeled tepa as non-aziridinyl metabolites within five 
hours after treatment. Nine per cent of the injected tepa remained 
in the body up to 72 hours, 55 per cent of which behaved as intact 
aziridinyl structures. During mating, treated males transferred as 
much as one per cent of the label to females. The transferred label 
spread rapidly throughout the female’s body, indicating that not all 
of the label was bound to sperm (Chang et al. 1966).
Hedin et al. (1966a) found that 85 percent of the activity from 
14injected C-labeled tepa was associated with low molecular weight 
compounds in the boll weevil, Anthonomus grandis Boheman. The weevil 
excreted the label more rapidly when fed cotton flower buds than when 
fed an artificial diet (Hedin et al. 1966b). Transfer of label to the 
female during mating was also noted (Hedin et al. 1966a). Chang et al. 
(1966) noted that house flies defecated the label much more rapidly 
when flight activity was unrestricted. Therefore, the increased 
excretion of the label by the boll weevil may have been due to increased 
feeding activity rather than any real metabolic difference.
Hedin et al. (1966b) found that 10 to 20 percent of the label 
persisted in the boll weevil up to 10 days. There was an obvious 
reduction in sperm 14 days after treatment, although no noticeable 
differences were observed in sperm counts or motility in the early 
stages of the experiment. Clumping of the chromatin material during 
anaphase took place two days after treatment, followed by a general 
necrosis of the dividing cells of the testes two weeks after treatment.
Injection of tepa solutions buffered at various pH values failed
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to reveal any differences in sterilizing activity in the house fly 
(Borkovec et al. 1964). Since insect hemolymph is already highly 
buffered with amino acids (Glaser 1925), the small amounts of in­
organic buffer probably had little effect on the overall pH of the 
hemolymph. Chang and Borkovec (1964) determined that 0.1 ug of tepa 
per fly will sterilize one half of a male house fly population 
(ED^q =0.1 ug). Chang (1965) observed that male house flies are 
rendered sterile within 3.5 hours after treatment with tepa. Whatever 
the action of tepa, one would assume that it is extremely rapid, and 
certainly does not involve inhibition of sperm development.
The ratio of (dosage which is lethal to 50 per cent of a
population) to ED^q (dosage which gives the desired effect for 90 per 
cent of the pppulation) for a compound has been used to measure the 
selectivity of a tissue for the toxicant. A value of 2.9 was obtained 
for tepa in vertebrates as a chemotherapeutic agent (Bardos et al. 1965). 
Chang and Borkovec (1966) obtained the extremely high figure of 416 for 
tepa as a sterilant in the male housefly. Such a high figure would 
tend to indicate an extremely high degree of selectivity for insect 
gonadal tissue by tepa. It must be pointed out, however, that the ratio 
obtained is indicative of a high degree of specificity for the observed 
effect (sterility). Other tissues may be equally affected but it is 
difficult to measure the effect in somatic tissues.
Replacement of one of the ethylenimine rings of tepa with a 
piperidyl, morpholino, or azetidyl group did not affect its antitumor 
activity, but did significantly reduce its effect upon the testes of 
rats (Crossley et al. 1953). Chang and Borkovec (1966) determined the
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sterilizing effect of various alkylamino-bis-(1-aziridinyl) phosphine 
oxides in the male house fly. In general, as the chain length in­
creased, the sterilizing activity decreased, while the toxicity was 
variable. The effect of replacement of aziridinyl groups with dimethyl- 
amino groups was studied. It was found that in changing from a bifunc­
tional to a monofunctional compound (with 2 or 1 aziridine rings respec­
tively) the chemical became more toxic but less effective as a sterilant. 
At the same time, its selectivity decreased by almost one hundred fold.
It is also worth noting that replacement of all three aziridinyl rings 
with dimethylamino groups resulted in a considerable decrease in tox­
icity, as compared with the mono and difunctional compounds, and that 
a fair degree of sterilizing activity was retained. The last named 
compound, hexamethyl phosphoric triamide or hempa, is only one eight 
hundredth as toxic to rats as tepa, and apparently has no effect upon 
red blood cell formation in vertebrates (Kimbrough and Gaines 1966).
It is hoped that further research with these amides will lead to the 
development of insect chemosterilants which have very low mammalian 
toxicities. The aziridinyl structure apparently is not necessary for 
sterility, but it remains to be seen if there is any relationship 
between the sterilizing effects of tepa and its dimethylamino analogue.
It is possible, although not likely, that tepa and other aziridine 
chemosterilants may have properties in common with the dimethylamino 
analogues which account for the sterilizing activity of both groups.
Allison et al. (1954) found that tepa reduced body growth as well 
as tumor growth in rats. The authors suspected tepa of interfering with 
the utilization of food, possibly through an effect on protein
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anabolism. It was later found that when the rats were fed a high protein 
diet, or one which had been supplemented with methionine, normal body 
growth took place in the presence of tepa (Allison et al. 1956).
Metepa: Metepa (Tris-(2-methyl-l-aziridinyl) phosphine oxide) is a
methyl substituted tepa molecule. It would not be expected to be as 
reactive as tepa, because the methyl groups substituted on the aziridine
ring tend to decrease its activity.
32The distribution and fate of P-labeled metepa were studied in the 
house fly, mosquito, and white mouse by Plapp et al. (1962). Metepa was 
rapidly absorbed and excreted when applied topically to the house fly.
One half of the dose was absorbed in one hour and excreted within two 
hours. When injected, over one half was degraded within one hour and 
95 percent within 24 hours. The metabolism of metepa did not differ 
significantly in an organophosphate-resistant strain from that of a 
normal strain of flies, and it was concluded that the sterilant was de­
graded in a manner different from that of organophosphate insecticides. 
The amount of label in the ovaries reached a maximum within one hour and 
declined rapidly thereafter, but it was recognized that most of the 
label in the ovaries could well have been inorganic phosphate and not 
metepa. No selective incorporation of the label was noted, and most 
of the material was excreted within eight hours. A large amount of the 
excreted label was found to be intact metepa, demonstrating the greater 
stability of methyl substituted aziridines as compared with unsubstituted 
ones. The amount of activity that behaved as intact metepa in chloroform 
extracts of treated insects decreased with time, thereby indicating a 
degradation of the molecule.
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Adult mosquitoes fed on mice treated with metepa or on sugar 
solutions of metepa, excreted the ingested label very rapidly. Mosquito 
larvae reared in solutions of metepa almost completely elminated the 
label within 48 hours after cessation of treatment. However, small 
amounts of label persisted throughout pupal and adult stages, but very 
little of it behaved as metepa. The small amount of persistent label 
probably represented inorganic phosphate rather than metepa.
The sterilizing dosage of metepa for the male housefly was found 
to be lower than that of tepa (Chang and Borkovec 1964). A similar 
decrease in the sterilizing activity of carbon substituted aziridine 
chemosterilants has been noted by other workers (Borkovec 1962; Borkovec 
and Woods 1963; and Crystal 1963).
Klassen and Matsamura (1966) were able to develop a resistant 
strain of Aedes aegypti (L.) by continuous exposure to substerilizing 
dosages of metepa. The exact mechanism by which resistance was achieved 
was not elucidated; however, the resistant strain was able to excrete 
the chemosterilant at a more rapid rate than was the metepa-susceptible 
one.
Thiotepa: Thiotepa (tris-(l-aziridinyl) phosphine sulfide) has
the following structure.
S11 /IR - P - R R = -N
1 ^
R
Thiotepa was rapidly converted to tepa in vivo in several mammalian
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and insect species (Craig et al. 1959; Mellet and Woods 1960; and 
Parish and Arthur 1965). Mellet and Woods (1960) attempted to recover 
thiotepa from animal tissues utilizing a technique specific for the 
intact molecule, but attained only 88 percent recovery even when the 
tissues were chilled and rapidly processed. The addition of various 
enzyme inhibitors failed to improve the recovery, and they concluded 
that thiotepa reacted chemically and almost instantaneously with materials 
of intracellular origin.
32Parish and Arthur (1965) applied P-labeled thiotepa to the house 
fly, Musca domestica (L.), the german cockroach, Blatella germanica (L.), 
and the boll weevil, Anthonomus grandis Boheman, and followed its dis­
tribution and excretion. In all cases, the material was rapidly 
absorbed and converted to tepa and excreted. The same authors admin­
istered thiotepa to rats orally and dermally, and obtained the same 
results as Craig et al. (1959).
Bateman et al. (1960) suggested that radiolabeled thiotepa isolated
from blood serum of cancer patients was adsorbed onto or existed in a
14loose association with protein. A significant amount of C was bound 
to the nuclear fraction of rat cells treated with labeled thiotepa and 
was not removed by washing (Ruddon and Mellet 1964). No selectivity 
for any tissue or organ was indicated.
Intraperitoneal injection of thiotepa into rats caused an in­
creased urinary excretion of taurine similar to that caused by x-ray 
treatment (Schubert and Sorbo 1963). It might be worth noting that 
aziridine itself can react with aqueous sulfur dioxide to yield taurine 
(Acheson 1960).
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Connors and Elson (1962) found that thiol compounds had no pro­
tective effect against thiotepa in rats although some protective action 
against other alkylating agents was observed. It was speculated that 
the protective effect of thiols against alkylating agents may occur via 
the masking of some favored site of action (as in disulfide formation), 
or through reaction with the alkylating agent itself.
Thiotepa has been shown to cause a decrease in dehydrogenase activ­
ity in Erlich ascites tumor cells (DiPaola 1963a; 1963b). Dehydro­
genase activity was correlated with growth inhibition in vivo through 
the use of four different assay systems.
Depression of incorporation of tritiated thymidine into DNA was 
correlated with the in vivo inhibition of tumors by thiotepa 
(MacDonald et al. 1963). A slight depression of ENA was indicated by 
a minor reduction of incorporation of tritiated uridine. Klemm and 
Obrecht (1962) observed that when aqueous solutions of salmon sperm 
DNA were treated with thiotepa, larger molecular aggregations were 
formed, thus indicating crosslinkage of the DNA fibrils.
Wheeler and Alexander (1964a and b) found that resistant and non- 
resistant tumors grown bilaterally in the same hamster responded dif­
ferently to thiotepa. The incorporation of formate into DNA and RNA 
was inhibited only in the non-resistant tumor. Incorporation of 
adenine into the DNA of the sensitive tumor was inhibited, but its 
incorporation into RNA was not affected.
Pradahan and West (I960) found that thiotepa caused an initial 
stimulation followed by a decline of incorporation of glycine into the 
nucleoproteins of tumor-bearing mice. Maximum inhibition occurred
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within the first 24 to 30 hours after injection of the thiotepa. They 
suggested that the principal site of action of thiotepa is cytoplasmic 
protein.
Cline (1968) found that when house fly testicular preparations were 
incubated with 0.5 per cent thiotepa, a 30 per cent reduction of incor­
poration of thymine and adenine into macromolecules of the testes 
occurred. Practically no effects upon oxidation of labeled amino acid
was noted. Painter and Kilgore (1967) found that housefly eggs treated 
32with P thiotepa showed an almost complete lack of DNA synthesis, and
that nucleic acids isolated from the treated eggs contained a lower
32guanylic acid content. All of the RNA was labeled with P, but the 
authors speculated that it stemmed from inorganic phosphate.
Morzid: Morzid (bis-(1-aziridinyl) morpholine phosphine sulfide)
is an analog of thiotepa in which one of the aziridine rings has been 
replaced by a morpholino ring. It has not been used extensively as an 
insect chemosterilant, but since several metabolic studies have been 
carried out with this compound, it is included in the present review. 
The structure of morzid is:
S






14Mailer and Heidelberger (1957a) studied the distribution of C-
morpholino-labeled morzid in rats and found that the principal route
of excretion was via the urine. Seventy three percent of the label was
excreted during the first 24 hours, and only four percent during the
14next five days. Maximum amounts of C occurred within the blood one 
hour after injection into tumors, but eight hours after intraperitoneal 
injection. The difference in the amount of label found in the blood was 
attributed to the highly vascularized condition of the tumor. Almost 
all of the label found in the blood was water soluble, and none was 
bound to protein.
32Distribution of P-labeled morzid was essentially the same as that 
14found for C-morpholino morzid. After two hours, the majority of the 
label was in the water and lipid fractions and very little was in the 
protein or nucleic acid fractions. However, the amount of activity in 
the water and lipid fractions decreased after 24 hours, while that in 
the nucleic acid fraction increased. The authors stated that these 
facts tend to indicate that morzid reacts with nucleic acid precursors 
rather than with the nucleic acids. It is possible, however that the 
label was in the form of inorganic phosphate.
Mailer and Heidelberger (1957b) found that morzid can be converted 
to its oxygen analog, mepa, in the same fashion that thiotepa is con­
verted to tepa. The molecule can also be degraded to inorganic 
phosphate and morpholine. They also showed that the dimethylamino ester 
of diphenylpropyl acetic acid (SKF525A) significantly inhibited the 
conversion of morzid to its oxygen analog, mepa, in the rat. SKF525A 
has also been shown to inhibit the microsomal desulfuration of parathion
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to paraoxon in mammalian liver (Davidson 1955)• The occurrence of the 
dimethylamino structure in both hempa (the nonaziridinyl analog of tepa) 
and in SKF525A makes one wonder if there are any similarities of action 
of these two compounds.
Apholate: Since the carrier moiety of apholate is a triazatri-
phosphorine ring system, its physiological activity probably has different 
in vivo characteristics than those of the phosphine oxide and sulfide 
chemosterilants. Due to the complexity of its structure, it has gener­
ally been avoided in mode-of-action studies. The structure of apholate,
2,2,4,4,6,6-hexakis-(l-aziridinyl)-2,2,4,4,6,6-hexahydro-l,3,5,2,4, 
6-triazatriphosphorine, is represented beloxtf:
In a series of P-N ring compounds related to apholate, a positive 
correlation was established between percent aziridine in the molecule,
water solubility, and chemosterilant activity in the house fly (Ristich 
et al. 1965). Those compounds having at least three aziridinyl rings 
and the highest water solubility, manifested the highest sterilant acti-
yg of apholate per fly (Chang and Borkovec 1964). On a molar basis, 
apholate is only about one half as active as tepa, even though it has
R = -N/I
R R
vity. The ED_rt for male house flies has been demonstrated to be 0.404 
J 50
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twice as many aziridine rings. Eggs obtained from house flies fed on 
apholate had lower levels of DNA and lactic dehydrogenase (LDH) than 
did those from normal flies. Nonviable eggs failed to show synthe­
sis of either of these two compounds (Kilgore and Painter 1964). The 
exact reason for the inhibition was not discovered. It was suggested
that the effects of apholate on DNA and LDH might be by direct transfer
from the ovary into the egg.
Resistance to apholate has been developed in the mosquito, Aedes 
aegptyi (L.) by Hazard et al. (1964). Painter and Kilgore (1967) 
found that treatment of house fly eggs with apholate resulted in greatly 
reduced nucleic acid synthesis and that the amount of adenylic acid 
present in the nucleic acids was lower than normal. The treatment did
not affect RNA synthesis as severely as it did DNA. No evidence for
alkylation of guanine was obtained.
Tretamine: Like apholate, tretamine, 2, 4, 6-tris-(l-aziridinyl)-
s-triazine, has a carrier portion different from that of the phosphine 
oxide and sulfide chemosterilants. The triazines have proven to be 
effective herbicides as well as insect chemosterilants (Harris et al. 
1968). Due to the decreased electron density of the carbons of the 
triaz&ne ring, it is especially susceptible to nucleophilic substi­







Goldenthal et al. (195 9) studied the distribution and excretion of
14C-labeled tretamine in mice and rats. More than 90 percent of the 
label was removed from the blood within a few minutes after injection. 
Very little of the activity appeared in the feces or as expired carbon 
dioxide. Within 24 hours, 68 to 73 percent of the label had been 
excreted in the urine. Chromatography of the urine revealed 16 
metabolites, five of which accounted for 74 percent of the total 
excreted label. One of the excretory products was identified as 
creatinine, indicating that the ethylenimine moiety of tretamine had 
been converted to a two carbon fragment. Urea was also identified as 
one of the metabolic products, indicating oxidation of the aziridine 
ring to carbon dioxide.
The principal metabolite gave a positive ninhydrin test after 
basic hydrolysis, indicating a conjugate or alkylated product of an 
amino acid or amine. The major products showed no ultraviolet absorp­
tion peaks, thereby ruling out the possibility of any of the compounds 
being purines or pyrimidines. Glycine, ethanolamine, and amino- 
acetaldehyde were not found to be metabolites. It was postulated that 
the urinary products most likely represented alkylated derivatives of 
normal metabolites.
A similar pattern was noted in humans (Nadkarni et al. 1959). The 
urinary excretion pattern indicated that the carrier portion of the 
molecule was separated from the alkylating moiety. No unchanged 
tretamine was detected in the urine, and none of the isolated metab­
olites behaved as known amino acids.
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Nadkarni et al. (1954) showed that the aziridine rings of tre­
tamine are rapidly cleaved in the mouse resulting in the production of 
cyanuric acid, 2, 4, 6-tris-hydroxy-s-triazine.
Wheeler and Alexander (1964a) found that the effects of tretamine
on cyclophosphamide resistant and susceptible tumors were similar to
those reported for thiotepa by the same authors. A selective effect of 
tretamine upon the male reproductive tissue of the early embryo of the 
rat was observed by Jackson and Bock (1955). The fertility of females
was not affected as easily as that of males. The principal action of
tretamine appeared to be on spermatocytes and spermatids, although 
higher dosages exerted a more general effect, even on mature sperm.
Jackson et al. (1959) found that increased amounts of tretamine 
exerted a more general effect upon the rat, with mature sperm being 
affected. A variety of ethylenimino compounds were shown to exert 
antifertility effects upon the rat. Trifunctional compounds were most 
effective, while monofunctional compounds were least effective, although 
the latter exerted a very destructive effect upon the seminiferous 
epithelium of the male reproductive tract.
In a later study (Jackson 1964), it was shown that spermatids and 
spermatozoa were much more sensitive to the genetic damage of tretamine 
than were premeiotic spermatocytes. The authors found this hard to 
accept, since all stages of the sperm were essentially in the same 
medium.
Berenbaum (1962a) has shown that tretamine and other polyfunctional 
alkylating agents are capable of decreasing the extractability of DNA 
from rat sperm, especially during the late acrosome and early mid­
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maturation phases. They speculated that the observed decrease in sol­
ubility of the DNA could be due to crosslinkage of the DNA to the protein 
sheath which normally surrounds it.
The effects of tretamine upon different stages of spermatogenesis 
have been observed by several workers. In rabbits, aspermia developed 
during the tenth week following treatment with tretamine (Fox et al. 
1963a). Tretamine has been shown to act on the early stages of spermatid 
development and on spermatogonia in the sea urchin (Fox et al. 1963b).
Low concentrations of tretamine seemed to increase the number of 
polyspermic fertilizations.
Tretamine was found to exert a specific effect upon the testicular 
germinal epithelium of the early generations of type A spermatogonia 
in rats (Steinberger 1962). Repeated administration of tretamine 
had little effect upon the primary spermatocytes.
Berenbaum (1962b) found that tretamine suppressed antibody for­
mation against T. A. B. vaccine for some weeks when applied to mice two 
days after exposure to the vaccine. Presumably tretamine had some 
effect upon protein synthesis. Since there appeared to be no correlation 
between the amount of labeled tretamine incorporated into the DNA of 
susceptible and resistant tumors, it was concluded that an attack of DNA 
does not necessarily represent the mode of action of tretamine in 
causing cytostatic and cytotoxic effects.
Cline (1968) evaluated chemosterilant damage to house fly testes
14by measuring uptake of C-labeled compounds. Treatment of testes with 
0.5 percent solutions of tretamine resulted in only a 10 percent re­
duction in the oxidation of fructose. Tretamine inhibited the
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incorporation of arginine and lysine into testicular proteins and a 
20 percent reduction in the uptake of formate was observed.
Denoel (1966) observed many abnormal chromosomes and a slower rate 
of cell division in tretamine-treated fibroblast cells cultivated in 
vitro. A decreased rate of nucleic acid synthesis also occurred. The 
results clearly showed that tretamine did slow the growth rate of the 
fibroblast cells, but the author stated that its primary effect 
appeared to be upon protein synthesis and not the nucleic acids.
Cline (1968) found that incubation of house fly testicular pre­
parations with 0.5 per cent solutions of tretamine caused a 10 per 
cent reduction in oxidation of fructose. Also, arginine and formate 
showed 56 and 20 per cent respectively lower rates of incorporation 
into macromolecules of the testes.
Biological effects of chemosterilants; Aside from the many 
allcylation reactions that take place in aziridine-treated insects, 
many of which are not well understood, the most obvious effect is that 
of sterility, occurring especially in the males. Sterility may be 
caused by failure to produce gametes or by production of imperfect 
gametes which fail to function properly upon fertilization. Death of 
the zygote usually results.
In adult insects, failure to produce gametes after treatment with 
aziridines is usually restricted to females. In Lepidoptera and other 
higher orders (Diptera, Coleoptera, Hymenoptera), special cells 
surround the oocytes and secrete the nutritive materials which go to 
make up the egg (Tefler 1965). Egg production depends upon con­
tinuous division of oogonial cells which give rise to oocytes and
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their associated nutritive cells. In preparation for nursing the oocytes, 
the nutritive cells become polyploid by undergoing repeated endomitotic 
divisions. It has been estimated in Drosophila melanogaster (Meigen)
(King 1964) that the volume of an oocyte increases 100,000 times within 
a three day period with the process taking place simultaneously in many 
ovarioles. Alkylating agents such as the aziridine chemosterilants 
appear to inhibit attainment of a polyploid condition by the nurse cells, 
and thereby interrupt oogenesis. The end result is lack of (or loss of) 
fecundity in the female. It is known that spermatogenesis in many 
insects is essentially complete upon adult emergence. Chen (1969) 
found that spermatogenesis was completed in Heliothis virescens (F.) 
prior to adult emergence, and that very few spermatozoa were produced 
thereafter. The effects of aziridine chemosterilants upon adult males 
involve alteration of mature sperm and not inhibition of spermato­
genesis. Treatment of male insects in immature stages has generally 
been avoided because other vital systems are inhibited to such a 
degree that high mortality frequently results (Reiser et al. 1965).
Male insects are rapidly sterilized by aziridines (within 3.5 
hours in the house fly, Chang 1965). It has further been shown that 
the predominant cause of sterility is due to the induction of dominant 
lethal mutations in the sperm (LaChance and Crystal 1965). Dominant 
lethals are nuclear alterations which cause death of the zygote even 
though they are introduced by only one of the germ cells which unite at 
fertilization. Induction of dominant lethals usually does not interfere 
with the maturation of treated gametes or with their participation in 
zygote formation, although some minor sperm inactivation has been
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reported (LaChance 1966). Sperm inactivation appears to be restricted 
to those compounds having phosphine oxide carriers such as tepa. 
Compounds such as apholate and tretamine were not shown to inactivate 
sperm to any significant degree.
The observation of aziridine-induced dominant lethals in insect 
sperm still does not answer the vital question. How are dominant 
lethals induced at the cellular level by aziridines? Unfortunately, 
no experimental data exist to answer this question.
Theories of Chemosterilant Mode of Action: Several mechanisms
by which chromosomal alterations can be effected have been proposed. 
The most attractive of these supposes that the aziridine molecule 
directly attacks the genetic material (DNA). The resulting alkylated 
DNA is incapable of functioning normally during cell division, fertil­
ization, or zygote formation.
It is known that DNA and its surrounding nucleoprotein sheath 
possess various sites that are potentially capable of being alkylated. 
Alexander and Stacey (1959) stated that potential sites of alkylation 
in DNA were the unesterified hydroxyl of the phosphate group and the 
tertiary nitrogens of purine rings, especially guanine. It was shown 
that the triester produced when phosphate was esterified was highly 
unstable and tended to hydrolyze, resulting in a break in the DNA 
chain. Also, alkylated purines were unstable and were quickly elim­
inated from the molecule (Lawley and Brookes 1967). It is known that 
DNA repair systems exist in cells and that they are able to repair 
damage quickly (Freese and Freese 1966). If such repair
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systems are operative in sperm, there is a possibility that any damage 
is quickly repaired without resulting effects, especially if the 
alkylated portions of the molecule rapidly separated from the DNA chain.
Many workers maintain that proteins are the primary site of 
alkylation, and that their alkylation causes the observed radio- 
mimetic effects. However, Alexander and Cousen (1958) could find 
no evidence for extensive reaction of an aziridine alkylating agent with 
carboxyl, primary amino groups, or histidine of bovine serum albumin, 
although certain alkyl sulfates and nitrogen mustards were found to 
cause significant alterations in the molecule. Comparison of the 
effects of certain chemicals known to attack sulfhydryl and amino 
groups of proteins with those of radiomimetic compounds showed that 
the former did not exhibit radiomimetic properties (Bacq and 
Alexander 1966). These data led the authors to conclude that inter­
action with protein by alkylating agents is probably not the cause 
of observed radiomimetic effects. They state that too much attention 
has been paid to protein-alkylating agent interactions simply because 
they are the predominant reaction observed with many of the alkylating 
agents. It may well be that the significant reaction which produces 
genetic effects has been obscured by other reactions which take place 
to a greater extent.
The possibility that reactions of alkylating agents with intra­
cellular barriers leads to a release of compartmentalized components 
into other areas of the cell must be considered (Alexander and Lett 
1960). Release of hydrolytic enzymes, especially from lysosomes, 
could have drastic effects upon cellular physiology. A similar
34
explanation for the effects of ionizing radiation upon cells has been 
proposed (Emzyme release hypothesis as presented on page 272 of Bacq 
and Alexander 1966). Alkylation of either protein or lipid components 
of cell membranes might alter their permeabilities, thus causing 
changes in the cellular environment.
Timmis (1961) has suggested that polyfunctional alkylating 
agents may alkylate a normal metabolite and that the remaining active 
carbonium ions could then alkylate certain enzymes that attach to the
alkylated substate. Baker (1968) has pointed out that inhibitors
which form covalent bonds with enzymes at their catalytic or 
regulatory active sites (active-site-directed irreversible enzyme 
inhibitors) are important tools for investigating the structure and 
function of many enzymes. The possibility exist that tepa, being a 
trifunctional alkylating agent, may enter into reactions similar to 
those outlined above.
Summary of review of literature: Even though substantial pro­
gress has been made in studying the mode of action of aziridine 
insect chemosterilants, the exact mechanisms by which they exert their 
sterilizing effect remains unknown. It is known that aziridines are 
capable of reacting with a wide variety of functional groups via 
nucleophilic substitution, and that these target groups are found in 
abundance in nucleic acid and protein molecules.
Various theories are available as to possible interaction between
alkylating agents and nucleic acid of gametes which lead to sterility, 
but no experimental evidence is available to confirm any of these ideas.
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It is known that aziridines induce almost immediate sterility 
when applied to male insects and that the sterility results from the 
induction of dominant lethals in the genetic material. The aziridines 
are rapidly degraded and excreted via the feces without undergoing 
appreciable oxidation. No evidence exists for selective incorporation 
of these compounds by any particular organ or tissue.
The most reasonable approach is to accept that a highly re­
active group of chemicals such as the aziridines probably undergoes 
many different reactions in vivo, and that one can observe as many 
effects upon metabolism as one has time to examine. Therefore, the 
critical question is: which one of these reactions results in
sterility? It is quite possible that sterility is due to a cumulative 
effect of several entirely different reactions, further complicating 
a clear solution to the problem.
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MATERIALS AND METHODS
Insects: The tobacco budworms used in this study were from a
strain originally collected as larvae on cotton plants at Transylvania, 
Louisiana in August of 1966. The culture has since been maintained at 
Louisiana State University on the diet described by Berger (1963).
Minor modifications were made in the diet as described by Benkwith 
(1968).
Adult moths were held in bottomless one-gallon glass jars over 
moist Vermiculite thus maintaining a high relative humidity, And were 
fed 10 percent sucrose daily. The jars were covered with cheese­
cloth to contain and provide an ovoposition site for the females.
Eggs were removed daily. Upon hatching, the larvae were transferred 
individually to one ounce plastic cups containing 15 to 20 ml of diet 
and each cup was capped. The larvae were held at 80°C until they 
pupated, and were then transferred to one-gallon paper ice cream 
cartons containing vermiculite. The pupae remained at room temperature 
until the adults emerged and were then transferred to one-gallon glass 
jars.
Souce and purity of radiochemicals: The labeled tepa used in this
study was synthesized by A. B. Borkovec and C. W. Woods of the
Entomology Research Division of the United States Department of
14Agriculture. The molecule was uniformly labeled with C in the 
aziridine ring, and had a specific activity of 7.45 millicuries per 
millimole. Since the labeled tepa had been frozen in a solution of 
dry benzene for almost five years, it was necessary to develop methods 
for its purification.
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Several thin-layer and silicic acid column chromatography systems 
were investigated for their ability to separate tepa from its break­
down products. The results of these experiments are presented in this 
work. The radiolabeled material as supplied was found to be 98 
percent pure and no further cleanup procedures were necessary.
The method of Epstein et al. (1955) was used to detect aziridine 
in solution, while that of Benckhuijsen (1968) was employed for the
detection of alkylating activity on thin-layer plates.
14The ethanolamine-1, 2- C hydrochloride was supplied by New England 
Nuclear Corporation and had a specific activity of 3.7 millicuries per 
millimole. The compound was found to be 98 percent pure when 
chromatographed in a solvent system of diethyl ether, methanol
hydrochloric acid, and water (10:10:1:3 volumes).
14 14Scintillation counting of C : All measurements of C radio­
activity were made with a Beckman Model 250 liquid scintillation counter
equipped with an external standardization system. Dual channel counts
3 14were made utilizing H and C isosets which were precalibrated and 
supplied by the manufacturer. Appropriate corrections were made for 
reduced counting efficiency due to quenching when necessary. Counts 
were made in low potassium glass vials. Samples were dissolved in 
15 ml of the liquid scintillation solution.
The character of the sample to be counted determined which type 
of counting solution was used. The composition of the various types 
of counting solution were as follows:
Liquid scintillation counting solution A was that described by 
Funt et al. (1955). The solution consisted of 0.4 percent PPO
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(2,5-diphenyloxazole), 0.01 percent POPOP (1,4-bis-2(5-phenyloxazolyl)- 
benzene) in a toluene solvent. This counting solution was used for all 
samples soluble in toluene. These consisted primarily of lipid samples.
Solution B was that of Snyder (1968). It consisted of four gm of 
BBOT (2,5-bis-(5,-tert-butyl-benzoxazolyl (2'))-thiophene), 80 gm of 
napthalene, 600 ml toluene, and 400 ml methyl cellosolve (ethylene 
glycol monomethyl ether). One thirtieth part of water was added to the 
above solution. This solution was used for direct counting of silicic 
acid scrapings from thin layer plates.
Solution C was that of Bateman et al. (1960) and was capable of 
dissolving 0.240 ml of water per 15 ml of counting solution. This 
solution was used in counting all water soluble samples, that is all of 
the fractions obtained during the fractionation procedure except the 
initial lipid extract.
Solution D (Chang et al. 1966) was used to count trapped
in 2:1 (v/v) methyl cellosolve:ethanolamine. Three ml of the carbon 
dioxide trapping solution were added to seven ml of methylcellosolve 
and 10 ml of toluene containing 82.5 mg of PPO. The final solution 
was made up just before counting.
14Administration of radiochemicals: The benzene solution of C tepa
was taken to dryness under nitrogen and redissolved in 0.9 N sodium
chloride prior to injection. One to three-day-old moths were
anesthetized with ether and injected with approximately one microliter
14of solution containing an average 182,309 dpm of C tepa as measured • 
by liquid scintillation counting. A micrometer syringe equipped with
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a 32 gauge needle was used to make the injections. The moths were
injected through the mesonotum near the middorsal line.
In order to assess the inhibitory effects of tepa upon incorporation
of ethanolamine into the lipids of the tobacco budworm two groups of
late instar larvae were fed a one percent agar gel containing 0.1 yCuries
14of uniformly labeled C ethanolamine per 100 ml of diet. Fifty ml of
a water extract of cotton buds (50 gm buds per 100 ml water) were
added to each 300 ml of the gel as a feeding stimulant, and the larvae
were allowed to feed for five days. One of the two groups was fed a
gel containing one percent unlabeled tepa in addition to the labeled
ethanolamine. The larval lipids were extracted according to the method
of Folch et al. (1957). The polar lipids were separated, and the amount
of incorporation of label determined.
Determination of respiratory carbon dioxide: Respiratory carbon
dioxide from insects treated with labeled materials was collected from
a system under slight negative pressure. Air, free from carbon
dioxide and moisture, was passed through the chamber containing the
moths and then through a five percent sulfuric acid solution to remove
any basic volatiles. Carbon dioxide was absorbed in a 2:1 (v/v)
14solution of methylcellosolve and ethanolamine, and C activity
determined according to the method of Chang et al. (1966). The air
leaving the system was passed through a cold trap to remove any neutral
volatiles that might have escaped the other traps.
14Determination of the rate of excretion of C-tepa: Three moths
14were taken at 24 hour intervals following injection with C-tepa and
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digested in scintillation vials with one ml of 10 percent methanolic
potassium hydroxide. Digestion was facilitated by gentle heating
and stirring with a glass rod. The methanol was evaporated from the
vial and 15 ml of counting solution C was added. The vials were shaken
14vigorously and counted for C activity. The data obtained were used
to determine the rate of excretion of label from the moths.
14 14Distribution of C in moths injected with C-tepa: Thirty
six hours after injection, moths were sacrificed and fractionated into
14various solubility classes and aliquots of each taken for C
determinations. The various fractions separated are listed below.
Lipid fraction: Weighed samples of moths were extracted
according to the method of Folch et al. (1957). The amounts of lipid
and resulting lean dry residue were weighed and aliquots of the initial
chloroform:methanol extracts and chloroform and methanol:water phases
after dialysis of the initial extract with water were counted for 
14C activity. Lipid samples reserved from the chloroform phase were 
stored in chloroform solution under nitrogen at low temperature until 
assayed.
Lipoprotein fraction: The lipoprotein flocculant which formed
at the interface during dialysis of the chloroformrmethanol lipid extract 
against water (Folch et al. 1957) was carefully removed, weighed, and 
dissolved in one percent sodium dodecyl sulfate. Liquid scintillation 
counts were carried out on the solution. The exact composition of 
this fraction was not determined. All that can be definitely said about 
it is that it contained materials initially soluble in chloroform:methanol
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which flocculated at the interface during dialysis against water.
Trichloroacetic acid fraction: The lean dry residue resulting
from the lipid extraction was weighed, homogenized in cold 10 per­
cent trichloroacetic acid (TCA), and allowed to stand for 20 minutes. 
The homogenate was then centrifuged at 3,000j; for 20 minutes and 
the clear supernatant was decanted. The residue was similarly 
extracted twice more and the supernatants combined. This process 
removed the non-lipid low molecular weight polar compounds (e.g. 
sugars, amino acids, peptides, nucleotides, etc.) but higher 
molecular weight proteins and nucleic acids remained in the residue 
(Schneider 1945). Again, aliquots of the soluble fraction were taken 
for counting.
Perchloric acid fraction: The residue containing proteins,
nucleic acids, and insoluble cuticular materials was heated for
20 minutes in 0.5 N perchloric acid (PCA) at 90°C to solubilize
the nucleic acids (Schneider 1945). The mixture was then filtered
through a fine porosity sintered glass filter under slight negative
14pressure and aliquots of the soluble fraction were taken for C 
counting.
Potassium hydroxide fraction: The perchloric acid insoluble
materials remaining after the above extraction (primarily proteins 
and cuticle) were heated in 0.33 N potassium hydroxide, and the 
resulting solution was centrifuged at 10,000_g for 15 minutes. The 
supernatant was decanted and the tissue extracted similarly twice
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more. The supernatants were combined and aliquots were taken for
scintillation counting.
Sodium hypochlorite fraction; The insoluble cuticular materials
remaining after the above extraction were warmed in a small amount of
five percent sodium hypochlorite and allowed to stand overnight. This
treatment resulted in complete dissolution and bleaching of the cuticle.
14An aliquot was taken for measurement of C activity.
Examination of the lipid fraction: The lipid fraction initially
14extracted from C-tepa treated moths was examined in detail by the
following methods.
Separation of lipid classes by thin-layer chromatography:
Lipids were separated into their component classes by thin-layer
chromatography using silica gel G (Brinkman Instruments, Darmstadt,
Germany) spread as 250 mm layers and activated at 110°C for one
hour. Plates were developed in n-hexane for a height of 15 cm in
order to move the hydrocarbons to the solvent front. The plates
were quickly dried and then immediately developed in a solvent system
of hexane, diethyl ether, glacial acetic acid (84:15:1 v/v/v) to a
height of 13 cm (Lambremont and Graves 1969).
Lipid zones were detected by exposing the plates to iodine vapors
and identifications made by comparison with known standard compounds.
The various lipid classes were scraped directly into a scintillation
14vail containing 15 ml of counting solution C and C activity was 
determined. Permanent records of similar separations were produced 
by spraying plates with 6 N sulfuric acid and subsequent charring 
of the organic materials at 110°C. Photographs were
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made of the separations and retained as a permanent record of all 
TLC separations (see Plate 1).
Separation of polar lipids by thin-layer and silicic acid column 
chromatography: Polar lipids were separated from the neutral lipids
by adsorption on columns of silicic acid (minus 35 mesh, Bio-Rad 
Laboratories, Richmond, California) and subsequent elution with 
methanol. Prior washing of the column with chloroform removed the 
neutral lipids. Two ml capacity fritted glass funnels (0.9 to 1.4 
micron pore size) were used as columns and care was taken not to 
exceed a ratio of 20 parts silicic acid to one part total lipid.
Both column eluates were taken to dryness under nitrogen, weighed, 
and the lipids stored in chloroform under nitrogen at a low temperature 
until used.
Polar lipids were separated by chromatography on thin layers 
of silica gel HR (Brinkman Instruments, 250 mm, 30 gm adsorbent per 
70 ml of 0.001 N sodium carbonate) in a solvent system of chloroform, 
methanol, glacial acetic acid, and 1 N sodium chloride (50:25:8:4 vol­
umes) (Snyder et al. 1969). The various phospholipids separated 
were identified by comparison with standards. Lipid spots were 
located by charring as described earlier (see Plate II).
When it was necessary to separate large amounts of radioactive
14polar lipid-soluble metabolites, extracts from C-tepa treated moths 
were eluted from 10 gm columns of activated silicic acid (Unisil, 
100-200 mesh, Clarkson Chemical Company) by solvents of increasing 
polarity (Crone and Bridges 1963). Exact composition of eluting
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solvents is indicated on the appropriate figures. Aliquots of 
each fraction were taken for determination of radioactivity and 
phosphorous. The remaining portion was concentrated and 
chromatographed in the phospholipid solvent system to identify the 
components of each fraction.
Phosphorous determinations: Determination of phosphorous was 
by the method of Chen et al. (1956). Organic phosphate was converted 
to inorganic phosphate by heating the sample in a mixture of sulfuric: 
nitric acid (2:1 v/v). As soon as white fumes appeared, heating was 
discontinued and a few drops of perchloric acid were added to clear 
the digest. The pH of the solution was adjusted, and the reduced 
phosphomolybdic acid complex was measured at 820 my on a Bausch 
and Lomb Spectronic 20.
Determination of possible two-carbon fragments of ethylenimmine:
14The following compounds were isolated from treated moths, and C 
determinations were carried out on them.
Uric acid: Uric acid was extracted by homogenization of moths
in a saturated solution of lithium carbonate. The homogenate was 
then centrifuged at 10,000j> for 15 minutes and the supernatant de­
canted. Proteins were denatured by shaking the extract vigorously 
with chloroform (Sevag 1938). The denatured protein was removed by 
centrifugation and the deproteinization process was repeated twice 
more. Uric acid was chromatographed on thin layers of cellulose 
MN 300 (250 mm, 15 gm adsorbent in 70 ml water and 10 ml ethanol, 
plates air dried for 24 hours before use) or Whatman No. 1 papers in 
isopropanol, water, and ammonium hydroxide (60:30:1 v/v/v) (Hopkins
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and Lofgren 1968). Uric acid was located by use of a mercuric 
acid-diphenylcarbazole chromogenic spray (Hopkins arid Lofgren 1968). 
The uric acid spots were either scraped or cut from the chromotograms, 
placed directly into 15 ml of counting solution B, and counted in the 
solid state.
Amino acids: Amino acids were extracted in 80 percent ethanol
and deproteinized in the same manner as uric acid. The extract was
then hydrolyzed in 6 N hydrochloric acid at 110°C for six hours
under vacuum. The hydrolysate was chromatographed according to the
method of Jones and Heathcote (1966). Identifications were made by
comparison with known standards. Certain spots were scraped into
14scintillation vials and C counted.
Oxalate: Malpighian tubules and hindguts from treated moths
were dissected in 0.9 N sodium chloride and subjected to the isolation
procedure of Takahaski et al. (1969). The calcium oxalate precipitate
14obtained by the above procedure was counted for C activity.
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RESULTS AND DISCUSSION
Purification of tepa: Varying ratios of polar (methanol) and
nonpolar (chloroform and hexane) solvents were examined for their 
ability to separate tepa from various impurities present in commercially 
available nonradioactive samples (Dow Chemical Company, Freeport,
Texas). The best separations of tepa were attained when a mixture of 
20 per cent methanol in chloroform was used. The Rf values of tepa 
and various impurities are presented in Table I. Representative 
chromatograms of separations obtained with Silica Gels G and HR as 
adsorbents are presented in lanes A and C respectively of Plate I.
It appears as though Silica Gel HR produces better separations than 
does Silica Gel G. Unfortunately, all the spots produced on the chroma­
tograms by reaction in an iodine chamber were not intense enough to 
show clearly on the photographs.
The large spot which ran at the top of the chromatograms was 
assumed to be tepa, as it gave a positive reaction for aziridine and 
appeared to be present in the greatest amount. From five to eight 
other spots in addition to a large amount of material which remained 
at the point of origin were observed as well. No attempt was made to 
identify any of these unknown compounds, however, ethanolamine, a 
known breakdown product of tepa, was found to exhibit chromato­
graphic behavior (See lane B of Plate I) similar to those of compounds 
which were located at or immediately above the point of origin 
(Compounds F and G).
Tepa was always closely followed by a small second spot (Compound 
B), which never completely separated from the bottom edge of the tepa
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spot on the Silica Gel G plates. Silica Gel HR appeared to effect a 
better separation of compound B from tepa as can be seen in lane C 
of Plate I. As judged by the intensity of reaction with iodine, 
compound C appeared to be the major impurity present. Compounds D, E, 
and F sometimes appeared as double spots (designated D^, D^, etc.).
Metepa, the methyl substituted derivative of tepa, was found to 
have an Rf value of 78.3 in the above solvent system. Therefore, 
it is possible that one might be able to utilize this system to separate 
several of the aziridine chemosterilants.
In addition to tepa, compounds B, C, D, and E gave positive tests 
for intact aziridine structures as well as for phosphorous. It is 
possible that these spots represent compounds containing intact 
phosphine oxide carrier with at least one intact aziridine ring. Beroza 
and Borkovec (1964) found that tepa was degraded to such structures as 
well as to inorganic phosphate, ethanolamine, and free aziridine. 
Compounds F and G gave positive test for phosphate, but did not appear 
to contain intact aziridine rings.
Elution of commercial grade tepa from silicic acid columns with a 
20 per cent solution of methanol in chloroform resulted in essentially 
the same separations as were obtained on thin-layer plates. A typical 
elution pattern is presented in Figure 1. Tepa, the least polar com­
pound of the mixture, was eluted from the column first, followed by 
compounds of increasing polarity. Compounds F and G were not eluted 
from the columns. It might be noted here that compound C, which 
appeared to be the major impurity when viewed on thin-layer plates
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developed in an iodine chamber, appeared to contain very little 
aziridine.
It was almost impossible to completely separate tepa from compound 
B, even though modifications in the eluting solvents and rechromato­
graphy were attempted. Based on observations made on thin-layer plates, 
however, compound B appears to be a minor component, although it did 
contain significant amounts of aziridine (see Figure 1).
In conclusion, tepa may be readily separated from the majority of 
its impurities by elution from columns of silicic acid with 20 per cent 
methanol in chloroform. The tepa-containing fractions may be 
carefully concentrated to dryness under vacuum and the resulting solid 
stored over a drying agent at low temperature until needed. The con­
centration of tepa in solutions used to treat test organisms may be 
accurately determined by utilizing the sensitive phosphate analysis of 
Chen et al. (1956). It must be pointed out once more that the material
obtained in this manner was not completely pure.
14A small amount of the C-labeled tepa used in this study was
co-chromatographed along with a larger amount of nonradioactive tepa
purified by the above method. Over 98 per cent of the radioactivity
was found to be associated with the tepa-compound B spot, therefore,
no further purification of the labeled tepa was attempted.
14Respiratory Carbon Dioxide: Data for CO^ respired from treated
moths is presented in Table II. Only 1.25 percent of the injected 
label was expired as carbon dioxide over a 44 hour period following 
injection with the labeled tepa. Maximum oxidation of the label was 
attained about eight hours after injection and declined thereafter.
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It is quite possible that the small amount of material oxidized to 
carbon dioxide represented impurities and not intact tepa. No radio­
activity was detected in either the acid or cold traps which were 
positioned in front of and behind the carbon dioxide trap. Therefore, 
it was assumed that no basic or neutral volatile labeled metabolites 
were given off by the treated moths. It is possible that acidic 
volatiles other than carbon dioxide were trapped in the basic 
ethanolamine solution, but it was assumed that all of the activity found 
in the carbon dioxide trap represented carbon dioxide.
Essentially the same results have been obtained by other workers
with other insect species. Chang et al. (1966) failed to discover
14any basic volatiles given off from C-tepa treated male houseflies,
and only 0.75 per cent of the label was recovered as carbon dioxide
12 hours after treatment. Hedin et al. (1966a) reported that 3.4 per 
14cent of the C injected into boll weevils as tepa was expired as
carbon dioxide within 48 hours. They also found that 0.6 per cent
of the dose was expired as an unidentified basic volatile.
Based on the information obtained in the present study, it was
quite evident that the carbon of the aziridine rings of tepa was not
oxidized to any appreciable degree. It would appear that tepa is not
extensively degraded to two carbon fragments such as ethanolamine, as
one would expect such fragments to be readily oxidized. Wright and
14Rowe (1967) found that only 5 to 6 per cent of the label from C- 
aziridine was expired in the form of carbon dioxide from rats within 
24 hours, and that after 96 hours, none of the label appeared as carbon
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dioxide. Klain and Johnson (1962) found that 20 per cent of the carbon
label of ethanolamine was expired as carbon dioxide within 24 hours
after injection into chickens. Therefore, it is improbable that
extensive degradation of tepa to ethanolamine or related two carbon
compounds takes place in insects, for if this were the case, one would
expect a greater proportion of the label to be expired as carbon dioxide. 
14Excretion of G label: The rate at which treated moths voided
14the C label from their bodies is presented in Figure 2. It would 
not be proper to assume that these data accurately reflect excretion, 
as excretion refers to the removal of materials from the body cavity 
into the malpighian tubules, where they are technically outside the 
body. The label voided during defecation may have been excreted at 
some prior time.
14The tobacco budworm moth did not remove C of labeled tepa from 
its body as rapidly as the boll weevil (Hedin et al. 1966b) or the 
male house fly (Chang et al. 1966). However, Chang et al. (1966) 
pointed out that the rate of excretion of label from the housefly 
depended upon its environment. If the flies were placed in a large 
container and allowed to fly about at will, a greater amount of defecation 
and excretion of label took place than when they were maintained in 
close quarters. The moths used in this study were held in pint ice 
cream cartons after treatment and, therefore, were not able to fly 
about as much as they would normally. Also, in contrast to the house 
fly and the boll weevil, the tobacco budworm moth feeds entirely upon 
liquids in the adult stage. Therefore, there is not a continuous
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movement of foodstuffs through the gut to allow for a constant
flushing of excretory products contributed by the malpighian tubules.
It is possible that the habits of this particular insect could result
in a decreased rate of voiding of the label from its body. On the
other hand, it is also possible that the decreased rate of excretion
of the label represents a true metabolic difference between this insect
and the two cited above.
The data presented in Figure 2 can be taken as rough estimates
14only of the rate of excretion of label by C-tepa treated tobacco
budworms, as they represent the average value for three insects only.
Scarcity of labeled tepa dictated that the majority of the treated
moths be saved for other experiments. At any rate, examination of
the data shows that at least 30 per cent of the injected label was
retained by the insect for up to nine days after treatment. About 70
per cent of the label had been voided four to five days after injection
and no further elimination occurred.
Distribution of label within the tobacco budworm moth: Data
obtained for distribution of the label 36 hours after injection are
presented in Table III. In keeping with the findings of Hedin et al.
(1966a), roughly 76 per cent of the label was present in low molecular
weight form (chloroformrmethanol and 10 per cent TCA extracts). Hedin
14et al. (1966a) found that 85 per cent of the C injected into boll
weevils as labeled tepa was associated with low molecular weight
materials 24 hours after treatment. Craig and Jackson (1955) also
32found that 23 and 32 per cent of the label from P-tepa was present
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in the TCA and chloroform soluble fractions of the rat 24 hours after 
treatment.
Of the remaining 24 per cent of the activity recovered from the 
treated insects, about two-thirds was in that fraction solubilized by 
hot PCA. According to Schneider (1945) nucleoproteins are precipi­
tated by 0.5 N PCA while the nucleic acids are soluble. However, 
the so called nucleic acid extract of the present study gave a strong 
ninhydrin reaction indicative of the presence of a-amino compounds 
(proteins, amino acids). There is no reason to doubt that the 
perchloric acid soluble material reported in this and similar studies 
(Craig and Jackson 1955) was in reality composed of other materials
in addition to nucleic acids. Craig and Jackson (1955) reported that
32one-fourth of the label from P-tepa was found in the nucleic acid
extract of the rat 24 hours after treatment. Their extraction
procedure was essentially the same as the one used in the present
study and their data are no doubt in error.
There is evidence (Ruddon and Mellet 1964) which shows that
14significant amounts of label from C-thiotepa may be bound within the
nucleus of treated rat cells. Therefore, the possibility that
14extensive labeling of the nucleic acids with C from labeled tepa 
does exist. In order to determine the nature of such labeling, however, 
one would have to utilize a more refined technique for the extraction 
of the nucleic acids than was used in the present study.
A surprisingly small fraction of label (an average of 6.6 per 
cent of the total activity recovered) was found in the protein fraction
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(0.3 N potassium hydroxide soluble fraction). Craig and Jackson
32(1955) reported that 20 per cent of the label from P-tepa was 
extracted with protein 24 hours after treatment of the rat. Alexander 
and Cousen (1958) reported that aziridine alkylating agents are not 
as reactive with protein as are other alkylating agents such as the 
methane sulfonates. They found that tepa alkylated very few functional 
groups of bovine serum albumin and caused no reduction in free amino or 
imidazole groups. Treatment of bovine serum albumin with tepa did, 
however, cause slight changes in its electrophoretic mobility; pre­
sumably by blocking certain ionizable groups.
The low percentage of label found in the protein extract of the
tobacco budworm moth reinforces the possibility that labeling of the
14nucleic acids of this insect by C-tepa may have taken place. It 
is accepted that most animal cells contain about 20 per cent protein 
(Haurowitz 1955) and it would be safe to assume that the nucleic acids 
probably account for less than one per cent of the total weight. If 
we were to assume that nucleic acids and proteins of the tobacco bud­
worm moth reacted equally with tepa, then over 70 per cent of the moth's 
protein would have had to have been extracted along with the nucleic 
acids in order to get the observed 3:1 ratio of label in the two 
fractions. Although no quantitative measurements were made as to the 
protein and nucleic acid contents of the two fractions in question, 
it is unlikely that as much as 70 per cent of the protein was extracted 
by the PCA. Again, however, more precise data are needed to make any 
definite statements about the relative rates of incorporation of label
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from ^C-tepa into the proteins and nucleic acids of the tobacco bud­
worm moth.
The insoluble residue of scleroprotein and chitin remaining after 
all of the other extractions had been carried out was finally solubi­
lized and was found to contain less than one per cent of the total 
14C activity recovered. Obviously, the cuticle of the tobacco budworm 
moth does not interact with tepa to any significant degree; at least 
when it is administered by injection.
Further fractionation of the chloroform-methanol extract: The
weight relationships and specific activities of the total lipid, water, 
and interfacial flocculant (probably composed of lipoproteins and 
proteolipids), and lean dry residue (tissue solids remaining after 
extraction of the moths with chloroform:methanol) fractions of the 
insect are presented in Tables IV and V. Other samples of insect 
tissue were extracted using the same technique (Folch et al. 1957), 
and the relative amounts of lean dry residue, water, and lipid were 
quite similar to those reported in Table IV. Therefore, the data 
in Table IV are representative of two-to-four-day old tobacco budworm 
moths.
The amount of insoluble matter found at the water-chloroform 
interface after dialysis varied from one sample to the next and was 
difficult to estimate accurately. The observed variation was probably 
due to the crude method used in recovering this material, which con­
sisted of scooping it off the surface of the chloroform layer with a 
spatula and air drying it.
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On an average, about one-half of the moth was water. The water 
content was estimated by subtracting the total weight of the lean 
dry residue and chloroform solubles (total lipids) from the initial 
weight of the moths. A small amount of solids was extracted by 
chloroform:methanol which dialyzed into the water phase, and thus was 
not actually weighed. Comparison of the total solids present in a 
known volume of chloroform; methanol extract with the total solids 
obtained by the above method showed that less than one per cent of the 
solids initially extracted by the chloroform:methanol partitioned 
into the water:methanol phase upon dialysis; therefore, the error 
introduced was not a large one.
The remaining one-half of the tobacco budworm moth was divided 
between the chloroform phase containing the lipids (average of 19.1 
per cent) and the lean dry residue (25.6 per cent). Also, about 3.1 
percent of the moth tissue was found in the interfacial flocculant 
(probably lipoprotein) between the chloroform and water:methanol 
layers.
By comparison of specific activities, it can be seen that the 
lean dry residue contained more activity than did any other component. 
Of the materials extracted by chloroform:methanol, the interfacial 
flocculant was the most radioactive. The lipid fraction had the lowest 
specific activity, while the water phase of the moth's body was 
calculated to contain about six times as much radioactivity as did the 
lipid. Since water accounted for one-half of the insect's body weight 
and lipid about one-fifth, one could then assume that the injected
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label was preferentially partitioned into water soluble components. 
Speculation as to the state of the label in the various fractions, 
however, would be inappropriate at this time.
Separation of radioactive lipids into their component classes:
The chloroform-soluble lipids obtained from moths which had been in­
jected with radiolabeled tepa 36 hours earlier were chromatographed 
on thin-layer plates as described earlier. A typical separation 
(lane E of Plate I) with known standard lipids (lane D of Plate I) 
showed that the major lipid class of the tobacco budworm was the 
triglycerides, as would be expected.
Also detected were polar lipids, mono- and diglycerides, sterols, 
free fatty acids, steryl ester, hydrocarbons, and several unidentified 
compounds running between the free fatty acids and triglycerides.
It is entirely possible that the free fatty acids and mono- and 
diglycerides resulted from the breakdown of triglycerides during 
storage of the samples prior to chromatography.
Several additional chromatographic separations were carried out
and the various zones corresponding to the above lipid classes were
14scraped directly into scintillation vials and counted for C. The 
results of this experiment are presented in Table VI. As was evident, 
almost all of the radioactivity of the lipids was polar in nature.
An extremely small but constant amount of activity always showed up 
in the triglycerides, but since such small amounts of lipids had to 
be applied to the thin-layer plates to achieve discrete separations 
of the lipid classes, sufficient levels of activity were never attained
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in the triglyceride fraction to state with certainty that it has been 
labeled with from tepa.
In order to obtain larger quantities of polar and neutral lipids 
for more detailed examination of distribution, a separation of 
about 200 mg of total lipid was made by adsorption chromatography on 
small columns of silicic acid. It was found, as in the previous thin- 
layer separations, that about 92.6 percent of the radioactivity present 
in the total lipids of C-tepa treated moths was polar, and that a 
small amount (7.4 percent) was in the neutral lipids. It was also dis­
covered that an average of 86.9 and 13.1 percent of the lipids of the 
tobacco budworm moth were neutral and polar respectively. Excellent 
recoveries of both radioactivity and lipid mass were attained from the 
columns.
Since the amount of radioactivity present in the triglycerides of
the neutral lipids was so small in relation to the total amount of
label injected into the insects, it was felt that further work toward
its identification would be unwarranted. It is entirely possible that
minute amounts of tepa were degraded to one or two carbon fragments
which were converted to lipid. Bade (1962) pointed out that it is
possible for small amounts of glyoxalate to be incorporated into fatty
acids of the cecropis silkworm moth. It is possible that ethanolamine
produced by degradation of tepa could have been oxidatively deaminated
1.4to glyoxalate, thus accounting for the C label found in the neutral
lipids of the tobacco budworm moth. Such an interconversion might also
explain the small amounts of radioactive carbon dioxide respired by
14
the tobacco budworm moth after injection with C-tepa. The presence 
of minute amounts of contaminants in the labeled tepa could also explain 
these results.
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Lambremont and Wood (1968) reported that the tobacco budworm moth 
contained 5.3 per cent polar lipids, considerably lower than the 13.1 
per cent found in the present study; however, their extraction pro­
cedure differed from that used in this study in that they lyophilized the 
tissues prior to extraction of the lipids. It is possible that the 
manner in which the lipids are extracted affects the amount of polar 
lipid obtained.
Identification of the radioactive polar-lipid metabolite: The
14total amount of radioactivity present in the polar lipids of C tepa 
treated moths was rather small in relation to the total injected dosage, 
but due to the importance of these compounds in mitochondrial function 
(Green and Fleisher, 1963), further attempts were made to identify the 
radioactive metabolite. The vital role of the mitochondria in the 
metabolism of sperm caused the author to wonder if tepa might possibly 
interfere with phospholipid metabolism in some manner which would 
result in sterility. The reported nonspecific incorporation of 
aminoalcohols into the phospholipids of the house fly (Bridges and 
Ricketts 1967) coupled with the observation that tepa is easily 
converted to N-substituted ethanolamines (See degradation scheme 
proposed by Beroza and Borkovec 1964 on page 12) further heightened the 
interest.
It is possible for one of the aziridine rings Of tepa to undergo 
hydrolytic cleavage, resulting in an N-substituted ethanolamine which 
still contains two intact aziridine rings. If the enzymes involved in 
phospholipid synthesis are as nonspecific as reported (Bridges and 
Ricketts 1967), then it is possible that they might attach to a partially
59
degraded tepa molecule and as a result be alkylated by one of the 
remaining active aziridine rings. If such reactions do take place'in 
vivo, then one might expect serious consequences to result which could 
possibly lead to sterility.
Another possibility which arose is that N-substituted ethanolamine 
containing intact aziridines might be incorporated into unnatural 
phospholipids. These compounds might then be incorporated into 
cellular membranes where the reamining intact aziridines might alkylate 
structural proteins or other components of the membrane which are 
vitally concerned with its permeability. Parish and Arthur 0-965), 
and Mailer and Heidelberger (1957b) have pointed out that thiotepa may 
be enzymatically desulfurated, so it is known that at least one 
enzyme may attach to an aziridine without necessarily being alkylated. 
Both of the situations described above conform to two postulated 
theories of the mode of action of alkylating agents - namely those of 
Timmis (1961) and the enzyme release hypothesis (Bacq and Alexander 
1966).
Of course, the most logical explanation for labeling of the 
14phospholipids of C-tepa treated tobacco budworm moths is that the tepa 
was degraded to ethanolamine which was then incorporated into normally 
occurring ethanolamine phosphatides. As a matter of fact, it would be 
surprising if such labeling did not occur if tepa is indeed broken 
down to free ethanolamine in vivo.
In order to clarify the situation, a sample of polar lipids 
extracted from tepa treated moths was separated chromatographically 
into its component phospholipid classes by the method previously
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described. The resulting phospholipid classes were then scraped 
directly into scintillation vials and counted for "^C. The results 
are presented in Table VII. A typical chromatographic separation of the 
polar lipids of the tobacco budworm moth is shown in Lane B of Plate II 
along with the pattern obtained with a phospholipid standard mixture 
(Lane A of Plate II).
It appears that the polar lipids of the tobacco budworm moth are 
composed primarily of choline and ethanolamine phosphatides, as these 
were consistently the major spots noted on thin layer separations.
Smaller amounts of sphingomyelin and lysolecithin were noted also; 
however, the serine phosphatides, which normally run between the 
ethanolamine and choline phosphatides were not present in sufficient 
quantities to allow positive identification. Lambremont and Graves 
(1969) obtained essentially the same results during an examination of 
the lipids of Heliothis zea, a closely related insect species.
The data obtained by counting the zonal scrapes of the thin layer
separations of the polar lipids (Table VII) showed that 94 per cent 
14of the C activity present in the polar lipids of the treated moths 
was in the area usually occupied by the ethanolamine phosphatides. The 
remaining six per cent was located at the same Rj as the choline 
phosphatides. We are assuming that the small amount of activity found 
immediately above and below the phosphatidyl ethanolamine spot represented 
the periphery of the major labeled component, as no other compounds 
could be detected in those area. The neutral lipids normally run just 
above the ethanolamine phosphatides in this solvent system, but they had 
already been removed from the sample by silicic acid column chromatography.
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The results obtained in the above experiment strongly indicated 
that tepa had been degraded to ethanolamine in the tobacco budworm 
moth. It would only follow that some of the labeled ethanolamine 
released by the degradation of tepa might have been incorporated into 
the phospholipids of this insect, and the possibility also existed 
that some might have been methylated to yield choline, thus explaining 
the second radioactive component.
Acting on the above assumptions, larger amounts of radioactive 
lipids were eluted from columns of silicic acid with solvents of in­
creasing polarity in order to isolate sufficient quantitites of the 
radioactive metabolite for positive identifications.
A typical elution pattern obtained from one of these experiments 
is presented in Figure 3. As was found earlier on thin layer plates, 
the majority of the label was associated with the ethanolamine phospha­
tides, which comprised the first peak off the column. However, a
1Apeculiar fact was noted. The peak of C radioactivity always eluted 
at a slightly more rapid rate than did the main ethanolamine phos­
phatide peak as judged by elution of phosphate from the column.
These results were difficult to explain unless the ethanolamine 
released from degradation of tepa had somehow been selectively 
incorporated into phosphatides which were less polar than certain 
other ethanolamine phosphatides. If this were the case, then the 
label would elute from the column slightly in advance of the remaining 
more polar ethanolamine phosphatides. Since it was not likely that the 
adult tobacco budworm would selectively synthesize such a group of
62
compounds, another answer was considered.
During the course of the ahove column elutions, the eluate re*-
14maining after assays of phosphate and C had been carried out was 
concentrated and spotted on thin layer plates. The plates were then 
run in the appropriate solvent system so that the identity of the 
phosphatides eluted into each fraction could be determined. It was 
noted that when the eluates comprising the peak assumed to be ethanol­
amine phosphatides were chromatographed immediately after elution 
from the column that a spot corresponding to the ethanolamine phos­
phatide standard was obtained, but when the eluates were allowed to 
stand for a day or so in the refrigerator prior to chromatography, 
that a second spot appeared which exhibited the same chromatographic 
behavior as the choline phosphatide standard.
The demonstrated instability of the major radioactive metabo­
lite of the polar lipid extract made it necessary to consider the 
possibility that the materials thought to be ^C-labeled ethanolamine 
and choline phosphatides were in actuality only compounds displaying 
solubility and chromatographic properties similar to these phosphatides. 
The extreme instability of the major labeled metabolite indicated that 
it might be tepa or some related aziridinyl compound. The acidic 
ethanolamine phosphatides would certainly speed the opening of the 
aziridine rings, especially in concentrated solutions.
Standard of ethanolamine and tepa were run in the same solvent 
system as the phospholipids. The results are illustrated in Lanes C 
and E of Plate II. Lane D contained a standard mixture of phospholipids.
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Tepa ran at the same relative distance as did the ethanolamine 
phosphatides and ethanolamine behaved similarly to the choline 
phosphatides.
If one refers to Figure 3, it will be noted that a second radio­
active component was eluted from the columns along with the choline 
phosphatides. It appeared as though this component and the one first 
eluted were ethanolamine and tepa respectively. Also, several minor 
peaks of radioactivity ere eluted over a wide area between the above 
two. These peaks probably represent other breakdown products of tepa 
(See Table I). It had been noted earlier, much to the dismay of the 
researcher, that the relative amounts of the two radioactive polar 
lipid metabolites (now assumed to be tepa and ethanolamine) varied
from experiment to experiment when eluted from silicic acid columns.
14Those samples of polar lipids extracted from C-tepa-treated moths
which had been stored for longer periods of time probably contained
greater amounts of ethanolamine, as the action of the acidic phosphates
of the phosphatides would rapidly degrade tepa even at low temperature.
14Elution of a sample of freshly prepared polar lipid extract of C- 
tepa treated moths from silicic acid resulted in a single peak of 
radioactivity.
14The discovery of intact C-tepa in the polar lipid extract 36
hours after injection tends to demonstrate that the aziridines are
not as unstable as previously believed. Furthermore, the demonstrated 
14lack of free C-ethanolamine in freshly prepared extracts of polar
14lipid coupled with the apparent lack of incorporation of C-ethanol­
amine into the ethanolamine phosphatides tended to indicate that very
64
little free ethanolamine was produced during the degradation of tepa 
in the tobacco budworm. Apparently, the majority of the administered 
tepa did not undergo hydrolytic cleavage, but participated in other 
reactions. The fact that tepa is an excellent alkylating agent is in 
agreement with these findings, for if it underwent extensive hydro­
lytic cleavage to ethanolamine, it would not be effective as an 
alkylating agent.
To further substantiate the above findings, a chloroformrmethanol 
14extract of C-tepa-treated moths was carefully taken to dryness under
nitrogen at low temperature and the resulting solids extracted three i::i
times with cold acetone. Dialysis of the chloroform:methanol extract
14against water was eliminated, for if the majority of the C extracted 
was indeed in the form of tepa or ethanolamine, then much of it would 
have been lost in the methanol:water phase. The residue insoluble in 
cold acetone was then extracted with methanol at room temperature.
Since the majority of the phospholipids are insoluble in acetone, the 
acetone soluble fraction should have contained the neutral lipids 
as well as any tepa and ethanolamine present. The methanol soluble 
materials, on the other hand, should have been composed primarily of 
phospholipids originally precipitated by acetone. It is probable that 
certain polar materials which would have normally partitioned into 
the methanol:water phase were also solubilized by the methanol. The 
remaining residue was composed of those materials initially extracted 
by the chloroformrmethanol solution but insoluble in either acetone or 
methanol.
The acetone solubles obtained above were carefully taken to dryness
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and then partitioned into polar and nonpolar components by elution
from a column of silicic acid. In order to identify the radioactive
components of the acetone (polar and nonpolar fractions) and methanol
fractions, aliquots of each were chromatographed along with phospholipid
14standards. Aliquots of each were also taken for C counting. The
phospholipid classes separated on the chromatograms were scraped
14directly into scintillation vials and counted for C. The data are
presented in table VIII.
About 55 per cent of the total activity present in the chloroform:
methanol extract of Table VIII was soluble in acetone and was composed
primarily of polar materials. The nonpolar fraction revealed only
neutral lipids upon chromatography and contained only 1.4 per cent of
the total acetone soluble activity. When the acetone soluble polar
fraction was chromatographed, only two spots were revealed. The higher
running component was located at the same as tepa, while the lower
running one corresponded to ethanolamine. When the chromatograms were
sprayed with an aziridine specific chromogenic agent (Benckhuijsen 1968),
the presumed tepa spot reacted positively.
Table V shows that about 38 to 39 per cent of the total activity
14recovered 36 hours after injection with C-tepa was extracted by
chloroform:methanol. Comparison of the data presented in Tables V and
14VIII shows that at least 18 per cent of the C present in the tobacco 
budworm 36 hours after injection was in the form of tepa (47 per cent 
of 38.6 per cent). If the activity reported in Table VIII as 
ethanolamine stemmed from breakdown of tepa after extraction by 
chloroform:methanol, then as much as 25 per cent of the total activity
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recovered after 36 hours was intact tepa.
It would he difficult to determine precisely how much tepa was
present in the moth at any given time due to the instability of the
tepa molecule once extraction, concentration, etc. have begun.
However, based on the data obtained in this study, it would appear
that signigicant amounts of intact tepa do remain in the tobacco
budworm moth for at least several days after treatment.
Studies carried out using the boll weevil (Hedin et al. 1966b)
14and the male house fly (Chang et al. 1966) have shown that C from
labeled tepa was excreted more rapidly than in the present study with
the tobacco budworm moth. It is interesting to not, however, that
14Chang et al. (1966) found 9 per cent of the C from labeled tepa
remained in the male house fly 72 hours after injection. Fifty five
per cent of this label gave a positive test for intact aziridinyl 
structure. It would appear that tepa is fairly stable in vivo in the 
house fly and the tobacco budworm moth.
Hedin et al. (1966b) found that 10 to 20 per cent of the label from
14C-tepa persisted in the boll weevil up to nine days after injection.
It is possible, although not likely, that the activity retained was at 
least in part composed of intact aziridinyl structures. Tepa obviously 
is not degraded and excreted immediately upon treatment of the insect.
It is also possible that one or more of the aziridines of the tepa 
molecule may be left intact even though one of the rings has undergone 
nucleophilic substitution.
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The presence of considerable amounts of radioactivity (about 18 per
cent of the total extracted in the chloroformrmethanol) in the methanol
soluble fraction of Table VIII is difficult to explain. Previous
chromatographic separations of more rigorously purified polar lipid
14samples (Table VII) showed almost all of the C activity to be associated 
with the ethanolamine phosphatides, and more careful analysis demonstrated 
that the majority, if not all, of this activity was tepa which had co­
chromatographed with the ethanolamine phosphatides. A typical phospho­
lipid pattern was observed for the above extract, with prominent ethanol­
amine, choline, and lysolecithin phosphatide spots. Examination of the 
data in Table VIII show that the radioactivity was distributed rather 
evenly among these three areas. It is possible that the activity found 
in this fraction (methanol soluble but precipitated by acetone) re­
presents nonlipid components which would have normally dialyzed into 
the methanolrwater phase had the extract been dialyzed. On the other 
hand, it is possible that the activity represents incomplete extraction
of tepa and ethanolamine by the acetone. A third possibility is that the
14 14three named lipid components were, indeed, labeled by C from C-tepa.
Other data obtained in this study tend to refute the latter hypothesis.
14Effects of tepa upon incorporation of C-ethanolamine into the
14phospholipids of the tobacco budworm moth: Since incorporation of C
from labeled tepa into ethanolamine phosphatides could not be con­
clusively demonstrated in this study, it was felt that it might be
worthwhile to measure the effects of unlabeled tepa upon the incorpora- 
14tion of C-ethanolamine into the phosphatides of the tobacco budworm 
moth. Data are presented, in Table IX which show the effect of tepa upon
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incorporation of C-ethanolamine. The tepa treatment appeared to have 
caused an increased utilization or decreased synthesis of lipid by some 
undetermined mechanism. One might also note that about 3.12 times as 
much label per unit of body weight was found in the initial chloroform: 
methanol extract of the control (604,070 dpm) as was in the treated 
(481,900), indicative of either decreased intake or absorption of the 
label by the treated larvae.
14Table X shows the distribution of C from uniformly labeled 
ethanolamine among the lipids of the tobacco budworm. Note that 72 and 
70 per cent of the label was in the ethanolamine phosphatides of the
larval lipids. Eighteen and 19 per cent of the label was found in the
choline phosphatides, indicating the possibility of significant amounts 
of methylation of ethanolamine by the larvae. It should be pointed out 
that free ethanolamine runs at the same as the choline phosphatides, 
and there is a strong possibility that some of the originally administered 
ethanolamine was present in the lipid sample chromatographed, although 
the sample was washed with water repeatedly and should have been free 
of ethanolamine. It is also possible that some of the ethanolamine 
phosphatides were broken down during chromatography, releasing free 
ethanolamine.
Almost 11 per cent of the label recovered in the lipids had been 
incorporated into the neutral lipids. Obviously, some of the ethanol­
amine was deaminated and converted to a precursor of neutral lipid-
probably acetate. Taylor and Hodgson (1965) also found incorporation 
14of C from ethanolamine into the neutral lipids of the blow fly,
Phormia regina (Meigen), but ethanolamine gave the least amount pf
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such labeling when compared to formate and serine. Bridges and Ricketts 
(1965) found that when labeled serine was administered to the house 
fly, ethanolamine was labeled but not choline. These data indicate that 
the housefly is not capable of methylating ethanolamine to any signi­
ficant degree. If the same holds true for the tobacco budworm, then 
one would have to explain the presence of label in the choline phos­
phatides in some other way. It is possible that bacterial action in 
the agar gel might have converted some of the ethanolamine to choline 
prior to the insect's eating it.
Based on the brief data obtained in this study, it appears as 
though tepa does not specifically inhibit the incorporation of ethanol­
amine into the phospholipids of the tobacco budworm, but that it does 
bring about a general lowering of synthetic activity. Labeled ethanol­
amine was incorporated into the larval lipids of the tobacco budworm 
in the same qualitative manner both in the presence and absence of 
tepa.
14Possible incorporation of C from labeled tepa into other tissue
components via two carbon fragments. Examination of generally accepted
metabolic pathways revealed that the most likely route of incorporation
of C from labeled tepa (other than incorporation into phospholipids)
would be via an oxidative deamination of ethanolamine to glycolic and
14glyoxylic acids. Klain and Johnson (1962) found that C labeled 
ethanolamine, when administered to the chicken, was either oxidized to 
carbon dioxide or incorporated into carbons 4 and 5 of uric acid. No 
labeled glycine could be found in the free amino acids or proteins yet 
almost 99 per cent of the label not incorporated into lipid or oxidized
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to carbon dioxide was found in uric acid (9 per cent of the administered 
dose), The authors speculated that after oxidative deamination, the 
two carbon fragments were oxidized to a keto acid (glyoxalic), and 
exclusively incorporated into carbons 4 and 5 of uric acid, presumably 
via glycine.
Weinhouse and Friedman (.1951) found that glyoxalate was rapidly
incorporated into glycine when injected into rats. Glyoxalate also
gave a high yield of oxalate which was metabolically inert and was
excreted unchanged. Bheemeswar (1958) noted that a deaminase exists
in Bombyx mori which is capable of converting glyoxalate to glycine and
that considerable amounts of glyoxalate normally occur in the hemolymph
of this phytophagous moth. It is possible that similar pathways exist
14in the tobacco budworm moth and that C from labeled tepa may be in­
corporated into glycine, uric acid, and oxalate. Therefore, the 
14tissues of C-tepa treated tobacco budworm moths were examined for 
these three compounds. Oxidation of ethanolamine to oxalate or 
incorporation into uric acid would result in rapid excretion of the 
label without subsequent loss of carbon as carbon dioxide.
The results of the amino acid investigations are presented in 
Table XI and Plate III. A total of 20 ninhydrin positive compounds 
were isolated from the free amino acids of tepa treated moths. Amino 
acid extracts of non-treated insects were run as a control and no 
qualitative differences between the two groups (tepa treated vs. 
control) were observed. A typical chromatographic separation is shown 
in Plate III. Ethanolamine, glycosamine, beta-alanine, and 2-amino-n- 
butyric acid were detected as well as 16 alpha amino acids. Glycine,
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serine, and methionine were scraped from the plates and counted for 
radioactivity as they are known to participate in certain metabolic 
pathways which involve one and two carbon fragments. The two beta 
amino acids, beta-alanine and 2-amino-n-butyric acid were also counted 
separately, the remainder of the amino compounds were pooled into a 
single sample and counted.
The amounts of activity recovered from the chromatographic plates 
were admittedly low, but the necessity of applying extremely small 
amounts of material to the plates in order to get good separation of 
the amino acids dictated these conditions. If one assumes that the 
labeled precursor was in the form of two-ca;.bon fragments and that 
reaction with ninhydrin resulted in the loss of the terminal carbon 
as carbon dioxide, then one would expect to recover approximately one- 
half of the applied label or only 510 dpm. Based on the 510 dpm 
figure, 71 per cent recovery was obtained. Also, the plates were 
allox^ed to "bleach" for two weeks prior to scraping the spots for 
counting in order to reduce color quenching, so it is possible that the 
unaccounted label (29 per cent) was present in ethanolamine and was lost 
by volatilization.
As can be seen, the majority of the radioactivity was in the 
ethanolamine. Most likely, some free or phosphoryl ethanolamine was 
present in the free amino acid extract. Also, any tepa present would 
have been hydrolyzed to ethanolamine during the acid hydrolysis. It 
is also possible that two carbon amino side chains (ethylamine) which 
might have been added to amino acids during alkylation by tepa were 
released as ethanolamine during acid hydrolysis, thus explaining the
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lack of appearance of alkylated products on the chromatograms.
The amounts of radioactivity present in methionine, serine, beta- 
alanine, 2-amino-n-butyric acid, and the remaining amino acids appear 
to be of no significance. If extremely small amounts of label entered 
as acetate, as the presence of small amounts of label in the tri­
glycerides might indicate, then labeling of many different compounds 
would be expected.
The fact that glycine was the most heavily labeled amino acid 
possibly indicates some interconversion between glyoxalate and glycine. 
Takahashi et al. (1969) found that labeled glycine gave rise to oxalate 
in Malacosoma neustria, presumably via a glyoxalate intermediate. At 
any rate, the conversion of carbon from tepa into glycine does not 
appear to be an important pathway for metabolism of tepa as only 
17,188 dpm of activity per moth was extracted as free amino acids.
Since 11.9 per cent of the activity of the total free amino acids was 
glycine, it would appear that about 2,045 dpm per moth was in the form 
of glycine. Since 182,309 dpm was administered initially to each moth, 
only 1.1 per cent of the initially injected dose was converted to 
glycine. It is possible, however, that greater amounts of carbon label 
were converted to glycine and then rapidly converted to carbons 4 and 
5 of uric acid as reported in the study of Klain and Johnson (1962).
Smith et al. (1958) could find no evidence of incorporation of 
carbon from the aziridine rings of tretamine into glycine in either 
the human or the mouse.
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In order to determine if label from C-tepa was incorporated 
into uric acid, lithium carbonate extracts of moth tissues and feces 
collected from treated moths were separated on paper chromatograms.
The resulting chromatograms were cut into 2.5 cm strips and counted 
individually while suspended in a liquid scintillation solvent. The 
results are presented in Figure 4. A single peak of radioactivity 
was found in both extracts which ran at a higher R^ than did the uric 
acid standard. The radioactive peaks of both chromatograms gave 
positive tests for purine when sprayed with the mercuric acetate- 
diphenylcarbazole reagent of Hopkins and Lofgren (1968). The pre­
sumed purine spot was cut out of several chromatograms and eluted in 
0.0001 M sodium carbonate. An ultraviolet absorption spectrum of the 
resulting solution was obtained in hopes of confirming its identity, 
but interferences from other substances made this impossible. Based 
on the absorption pattern obtained, it appears as though proteins might 
also run at the same as the labeled material, therefore, one cannot 
be sure that the radioactivity was due to a purine or protein.
Since 72 per cent of the radioactivity initially extracted with 
lithium carbonate from treated moth tissue was removed by chloroform 
treatment during the protein denaturation step, it is quite probable 
that much of the radioactivity separated on the chromatograms was 
associated with protein in some way. However, the possibility still 
exists that some of the carbon from aziridine was converted to uric 
acid or a related purine as 26 per cent (11,688 dpm/moth) of the 
initially extracted label remained in the final lithium carbonate 
extract after repeated protein denaturations and washing with chloroform.
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In order to prove that uric acid was indeed labeled? it would be 
necessary to subject the radioactive metabolite to further purification. 
Unfortunately, time did not permit continued study of this phase of 
work.
14No incorporation of C into oxalate could be demonstrated. A
considerable amount of radioactivity was initially present in the
malpighian tubes which were dissected from treated moths, but after
the exhaustive extraction procedure of Takahashi et al. (1969), no
detectable radioactivity remained. Thus it would appear that if any of 
14the tepa C label originally administered to the moths was converted 
to glyoxalate, that it was channeled exclusively into glycine 
and purine production.
SUMMARY
14Over 70 per cent of the C label from tepa was excreted by the 
tobacco budworm within four days after injection. The remaining 30 
per cent of the originally administered dose appeared to be quite 
stable and was retained in the body for at least nine days after 
treatment. Only 1.25 per cent of the label was expired as carbon 
dioxide within 44 hours after injection, with maximum carbon dioxide 
evolution being attained within about 8 hours.
The label remaining in the body 36 hours after injection (65.1 per 
cent of administered dose) was found to be distributed among the 
chloroform:methanol solubles - 38.6 per cent, trichloroacrtic acid 
solubles - 37.8 per cent, nucleic acids - 19 per cent, proteins - 
6.6 per cent, and cuticular materials - 0.8 per cent. The observed 
lower levels of incorporation into the protein fraction as compared to 
the nucleic acid fraction indicated the possibility of selective
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alkylation of the nucleic acids by tepa. However, no concrete data 
were obtained to substantiate this hypothesis.
A rather detailed examination of the chloroformmethanol extract 
showed that the primary radioactive component was intact tepa and 
possibly lesser amounts of ethanolamine derived from degradation of 
labeled tepa. It was not determined whether the ethanolamine found in 
the extracts was formed in vivo or was an aritfact of the isolation 
procedure. No evidence could he found which would indicate extensive 
incorporation of ethanolamine label into the phospholipids of the 
insect, and it was concluded that little free ethanolamine was produced 
in vivo. Less than two per cent of the injected label could be found 
in the neutral lipids.
Examination of the free amino acids failed to show extensive 
labeling of glycine, which might be expected if tepa had been degraded 
in vivo to two carbon fragments. Attempts to show conversion of the 
carbon label to oxalate were inconclusive. It was speculated that 
oxidative deamination of ethanolamine produced by tepa degradation 
would result in the formation of glycolic and glyoxalic acids which 
then might be converted to oxalic acid and excreted as its insoluble 
calcium salt.
A single radioactive metabolite was extracted from both tissues 
and feces of the tobacco budworm which appeared to be a purine of 
some kind. Although it did not behave as free uric acid, the possibility 
still exists that it could be a derivative of uric acid as uric acid 
is the major purine normally found in insect feces. Other workers 
have shown that biochemical pathways do exist which can convert
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ethanolamine directly into uric acid without the concurrent production 
of glycine and oxalate, so the lack of these two metabolites still 
does not rule out the possible conversion of ethanolamine to uric acid.
Unlabeled tepa did not specifically inhibit the incorporation of 
labeled ethanolamine into the phospholipids of this insect, although 
a decreased rate of general metabolism was noted. The author speculated 
that tepa had a general debilitating effect upon the metabolism of the 
insect.
The findings of this study indicated that tepa was not degraded 
to ethanolamine and two carbon fragments to any extent. It appeared 
as though the primary reactions of tepa were simply alkylation of 
naturally occurring metabolites rather than entrance into any of the 
metabolic pathways of the organism.
Table I. Rf values 
system of










Tepa A 66.7 63.5 66.7 70.0
Unknown B 59.2 53.8 60.0 63.2
f t C 48.1 48.1 55.0 56.7
!! D 33.1 2/38.5, 32.7 - 36.7 40.0
U E 18.4 25.0 2/28.3, 23.3 - 2/31.7, 26.7 -
It F 11.1 13.5 11.7, 8.3 - 15.0, 10.0 -
Origin G 0.0 0.0 0.0 0.0
If
Spots were located by exposure of the plates to iodine fumes. Representative separations 
are shown in lanes A and C of Plate I.
2/—  Two sets of figures for compounds, D, E, and F indicate that two distinct spots occurred in 
this region on these plates, whereas only a single figure denotes a single spot.
Table II. CO^ expired from C-tepa treated Heliothis virescens over a 44 hour period.
Time Post-injection 
in hours
14DPM C Respired DPM per Hour
0 to 4 6,800 1,700
4 to 8 29,900 7,460
8 to 20 50,340 4,190
20 to 32 14,140 1,178
32 to 44 11,050 920
0 to 44 112,230 1,550
1/
Total injected dosage for the 49 moths used in this experiment was 8,933,141 DPM,
of which 1.256 per cent was expired as carbon dioxide during a 44 hour period.




2/Cent Recovered Activity —
Replicates
B C D
Ave. Per Cent Distribution
Total Lipid 33.9 33.9 46.9 31.2 38.6
Low Molecular 
Weight Compounds
43.4 38.7 24.4 41.8 37.8
Nucleic Acids 16.3 19.6 19.2 20.2 19.0
Protein 5.8 7.2 7.9 5.7 6.6
Cuticle 0.7 0.7 0.8 1.1 0.8
—  The fractions referred to are: Total lipid - chloroform:methanol soluble materials,
Low molecular weight compounds - those nonlipid materials soluble in cold 10 per cent 
TCA, Nucleic acids - those materials soluble in hot 0.5 N PCA, Protein - soluble in
0.3 N KOH, and Cuticle - the insoluble residue remaining after all of the other ex­
tractions had been carried out.
2/ 14—  Total activity injectediinto each replicate of 10 moths was 1,823,090 DPM C. An average
of 65.1 per cent of this activity was recovered after 36 hours in the above fractions.
Table IV. Weights (in grams A), percentages of total weight (B) , and specific activities
14(C, DPM per mg) of various fractions of C-tepa treated Heliothis virescens.
Replicate Number 1/
I II III
Fraction A B C A B C A B C Ave.% Ave. Sp. 
Weight Activity
Lean Dry 
Residue 0.2783 26.2 3,659 0.2984 27.6 2,374 0.2889 25.8 1,893 26.5 2,575
Methanol:H„0 
Solubles




0.0289 2.7 790 0.0179 1.7 1,779 0.0536 4.8 1,189 3.1 1,253
Total Lipid 0.2121 20.0 127 0.1976 18.8 84 0.2069 18.5 140 19.1 137
Total Wt. 1.0624 1.0494 1.1180
Each sample contained 10 three to four day old moths which had been injected with C-tepa 
36 hours prior to the above determinations.
14Table V. Distribution of C 
Heliothis virescens
within a chloroformrmethanol 
36 hours after injection.
extract of 14C-•tepa treated
Replicate Number
I II III
Subfraction DPM % Activity^ DPM % Activity DPM % Activity Averag;e
A B A B A B A B
Initial extract 521,510 33.9 100.0 351,970 33.9 100.0 482,220 46.9 100.0 38.6 100.0
Mh thano1:wa ter 471,800 30.6 90.5 313,600 29.2 86.3 395,000 38.3 81.7 32.7 86.1
phase
Interfacial 22,840 1.5 4.4 31,840 3.1 5.2 59,150 5.7 12.2 3.4 7.3
Flocculant
Chloroform 26,870 1.7 5.2 16,530 1.6 4.7 29,070 2.8 6.0 2.1 5.3
phase
1/
The figures under columns A and B are for the per cent of total activity recovered from the entire 
insect and for the per cent of the total activity found in the chloroformrmethanol extract respectively.
00
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1/Table VI. Zonal scrapes of thin layer chromatographic separations of a total lipid extract of 








Polar Lipids 191.5 205.0 188.5
Glycerides 0.0 0.0 0.0
Sterols 0.0 0.0 0.0
Triglycerides 4.6 6.6 1.2
Steryl esters 0.0 0.0 0.0
Hydrocarbons 0.0 0.0 0.0
1/
A total of 1.182 mg of total lipid was spotted in triplicate in 30 microliters of chloroform 
on each of the above plates.
14Table VII. Activities of polar lipids isolated from C-tepa treated Heliothis virescens.
Polar Lipid Classes DPM contained within Class
Phosphatidyl ethanolamine 5,250
p.c. to p .e . y 282
Phosphatidyl choline 285
Sph. to P.C. 25
Sphingomyelin 30
Origin to Sph. 33
Origin 31
1/
The abbreviations refer to the area between the spots abbreviated. P.C. - phosphatidyl choline 
P.E. - phosphatidyl ethanolamine, Sph. - Sphingomyelin.
14 1/Table VIII. C content of various compounds in fractions of a chloroform:methanol extract —  of
C-tepa treated Heliothis virescens.
Fraction of Chromatogram 
Scraped for Counting Methanol Sol. Polar Acetone Neutral Acetone Insoluble
Neutral Lipids - - 1,800 -
Ethanolamine Phosphatides Fraction 
and/or Tepa
11,550 108,000 - -
Choline Phosphatides Fraction 
and/or Ethanolamine
16,700 16,700 - -
Lysolecithin Fraction 12,480 - - -
Total DPM in Subfraction 40,738 124,700 1,800 2/54,620 -
1/
The entire chloroform:methanol extract contained 220,850 dpm.
1 /
Not actually counted, but the observed difference between the total of the methanol and acetone 
soluble components and the total activity in the initial extract.
14Table IX. Effects of tepa upon incorporation of uniformly labeled C-ethanolamine into lipids 
of Heliothis virescens.
Control Tepa-treated
Weight of tissue extracted 13.5 gm 26.6 gm
Total lipid extracted 865.5 mg 941.5 mg
Total activity 604,070 dpm 481,000 dpm
Activity in Lipid 476,070 dpm 135,900 dpm
Activity in Methanol:Water 128,000 dpm 346,000 dpm
Lipid Specific Activity 555 dpm/mg 148 dpm/mg
DPM extracted per gm of tissue 44,746 14,357
Mg lipid per gm of tissue 64.1 35.4
00Ln
Table X. Distribution of uniformly labeled C-ethanolamine among the larval lipids of 
Heliothis virescens.
Tepa-Treated Control
Lipid Component DPM Recovered % Total DPM DPM Recovered % Total DPM
Phosphatidyl ethanolamine 280 72.6 924 70.6
Phosphatidyl choline 76 19.3 234 17.9
Neutral Lipids 36 9.2 160 12.2
Table XI. Distribution of radioactivity among various amino compounds extracted from 
14C-tepa treated Heliothis virescens.






2-amino-n-butyric acid 19 5.3
Other Amino Acids 97 26.8
Figure 1. Elution of commercially available tepa from silicic 
acid with 4:1 chloroform rmethanol (v/v) as measured by alkyl­
ating activity of the column eluates. The following experimental 
conditions were used: Column 2.8 mm 0. D., 10 gm Unisil activated
silicic acid, 3 ml fractions collected, 16 mg of crude tepa 
(Obtained from Dow Chemical Company, Freeport, Texas as 72% tepa 
in 20% ethanol and 8% methylene chloride) applied to the column, 
aklylating activity was measured by the method of Epstein et 
al. (1955), the percentages of transmission were not standard­
ized against an aziridine standard but are good for comparative 

















Figure li Separation of commercially available tepa from its impuri­
ties by elution from silicic acid columns with a/2 0per cent 
















Figure 2: Voidance of from Heliothis virescens injected with 
C-labeled tepa.
Figure 3: Elution of polar lipids and radioactive metabolites
14from C-tepa treated Heliothis virescens moths from silic 
acid columns with increasing polarity solvents.
Approximately 200 mg of polar lipids extracted from treated 
moths 36 hours after injection were applied to the column,
10 gm of activated Unisil, I.D. of column 1.5 cm, and eluted 
stepwise with the following solvents. Forty ml chloroform,
100 ml 3:1 chloroform:methanol, 100 ml of 1:1 chloroform :methanol, 
and 100 ml of methanol.
Five ml aliquots were collected from the column and assayed 
for: (1) Radioactivity - 1 ml (2) Phosphate content - 1 ml, and
(3) Identity of the components contained in the remaining 3 ml 
of each fraction. The residue left after drying the remaining 3 ml 
of solvent under dry nitrogen was chromatographed in a minimum 
volume of chloroform in the phospholipid solvent system previously 
referred to. Phosphate may be determined by multiplying the 
optical density by 0.073 micrograms per ml of original sample.
90
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Figure 3: Elution of polar lipids and radioactive metabolites from 
C-tepa treated Heliothis virescens moths from silicicr' 
acid columns with increasing polarity solvents.
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p K e T Chromatographic separations of tepa, ethanolamine, and total 
lipids of Heliothis virescens moths. Lanes A and C, tepa. Lane B, 
ethanolamine. Lane D. Standard Mixture of Neutral Lipids. Lane E, 
Total lipids. Lane F, Neutral Lipids. Spot 1 - Polar Lipids,
Spot 2 - Sterols, Spot 3 - Free Fatty Acids, Spot 4 - Triglycerides, 
Spot 5 - Steryl Esters, Spot 6 - Hydrocarbons, Spot 7 - Mono- and 
Diglycerides. Solvent System as described in text.
Plate II. Chromatographic Separations of ethanolamine, tepa, and 
polar lipids of Heliothis virescens moths. Lane A, Standard Mixture 
of Phospholipids. Lane B, Polar lipids of Heliothis virescens. Lane 
C, Tepa. Lane D, Standard Mixture of Phospholipids. Lane E, Ethanol­
amine. Spot 1- Lysolecithin, Spot 2- Sphingomyelin, Spot 3- Phospha­
tidyl Choline, Spot 4- Phosphatidyl Serine, Spot 5-Phosphatidyl 
Ethanolamine. Solvents as indicated in text.







Plate III. Chromatographic separations of the free amino compounds
14
extracted from C-tepa treated Heliothis virescens -moths.
Spot 1- Cysteine, Spot 2- Histidine, Spot 3- Lysine, Spot 4- Arginine, 
Spot 5- Serine, Spot 6- Glycine, Spot 7- Aspartic acid, Spot 8- 
Glutamic acid, Spot 9- Proline, Spot 10- Alanine, Spot 11- Hydroxy 
Proline, Spot 12- Tyrosine, Spot 13- 2-amino-n-butyric acid, Spot 14- 
Valine, Spot 15- Methionine, Spot 16- Isoleucine, Spot 17- Leucine, 
Spot 18- Threonine, Spot 19- Ethanolamine, Spot 20- Glucosamine, 
and Spot 0- Point of origin. Solvents, etc. as in text.
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